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This dissertation addresses the formation and speciation of disinfection by-
products (DBPs), including four trihalomethanes (THMs) and nine haloacetic acids 
(HAAs), resulting from chlorination in ballast water treatment. The impact of several 
variables that influence DBPs formation, such as chlorine dosage, water quality, 
organic content, temperature, and chlorine contact time or residence time was 
investigated. The chlorine decay in the chlorination process was monitored and 
modeled. The potential risk of the formed DBPs to human being and marine 
environment was evaluated. 
Higher water temperature and/or total organic carbon (TOC) in the water 
increased the total residual chlorine decay rate. The rate of decay is different in the 
samples that had different represent organic compounds. The effect of salinity 
however less was obvious.  
Water quality and operation conditions affected the different classes of DBPs 
at different magnitudes. Four compounds, namely Ethanol, acetic acid, glucose and 
humic acid were used to represent the organic matters in seawater. More DBPs were 
produced as the TOC concentration was increased. In the predication of the DBPs, 
both TOC concentration and the distribution of organic species should be involved. 
Higher chlorine dose caused a higher DBPs formation. The dominant constitutes of 
THMs and HAAs were the bromo-substitutions, namely tribromomethane (TBM), 
XVI 
dibromoacetic acid (DBAA) and tribromoacetic acid (TBAA). The concentrations of 
chloro-dervatives were at much lower levels in comparison with bromo-derivatives. 
The rate and total yield of THMs increased as the temperature was increased. For 
HAAs, more HAAs were generated as the temperature was increased from 4 to 25oC. 
When the temperature reached above 35 oC, HAAs concentration initially increased 
and then decreased after reaching its peak. DBAA and TBAA were the predominant 
HAAs species at the temperature ranging from 4 to 25oC, which accounted for more 
than 94% of total HAAs. Less TBAA content was observed when the temperature was 
increased. At 45 oC, no TBAA could be detected at all after 5 days reaction.  
The formation and speciation of THMs and HAAs were further investigated 
under various water quality and operational conditions typically used in land-based 
and shipboard tests. Higher salinity led to more THMs generation; more THMs 
species with chlorine components could be found at low salinity. Conversely, at same 
experimental temperature, it was observed that more HAAs were found in lower 
salinity seawater. Five separate seawaters were collected from different locations in 
Singapore to simulate ballast water taken from different sources/locations in tropical 
marine environment. The THMFP and HAAFP of the five tested natural seawater 
samples were different from each other.  Among the five samples, the predominant 
THMs compound formed was TBM. The next of the THMs found was due to the 
DBCM generation; other two THMs compounds, namely BDCM and TCM, were not 
formed during the testing. TBAA was the major HAAs species found in all the natural 
water samples studied. DBAA appeared in all samples but its concentrations were at 
lower levels than TBAA.  
XVII 
Generally speaking, the levels of DBPs in the chlorinated seawater at the 
points of discharges were found to be far higher than the drinking water regulated 
values set by USEPA and WHO. However, they would be well diluted when they are 
released to the sea. Modeling simulation by MAM-PEC was conducted based on 
various situations, with the consideration of several physico-chemical and biological 
processes and interactions. It was demonstrated that the PEC values calculated by the 
MAM-PEC model were at a safe level in most cases. It indicates that there is no risk 
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1.1  Background 
Ballast water is the water carried in cargo ships to ensure their balance, 
stability and structural integrity. When an unload ship starts its trip, ballast water is 
filled into onboard tanks, and then discharged back to the ocean on arrival. Ballast 
water contains unwelcome marine organisms, such as microorganisms, eggs, cysts 
and even small fishes. Current estimates suggest that shipping moves over 80% of the 
world’s commodities and transfers an annual volume of about 3.5 x 109 m3 ballast 
water, containing 7,000–10,000 species at any one time (Endresen et al., 2004). 
Problems arise after these species are introduced to new marine environments.  
In 1903, scientists first recognized an alien species invasion after a mass 
occurrence of the Asian phytoplankton algae Odontella (Biddulphia sinensis) in the 
North Sea (Gollasch et al., 2000). However, it was not until the 1970s that the 
scientific community began to focus on the problem in detail (http://www.imo.org). 
Many recent biological invasions have been concluded to be caused by ballast water 
exchange, the most famous of which is Dreissena polymorpha, the zebra mussel, 
which was most likely introduced via release of larvae contained in ship ballast water 
into the Great Lakes in the late 1980s (Hebert et al., 1989). Global Ballast Water 
Management Programme reported that invasive aquatic species transferring by ship 
has been one of the four greatest threats to the world’s oceans. Ballast-water-mediated 
biological invasions have been found to cause or contribute to a wide range of short 
and long run negative impacts, including declines in populations of threatened and 
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endangered species, habitat alteration and loss, shifts in food webs and nutrient 
cycling, decline in fisheries, reduced water supply disease outbreaks in human and 
non-human populations, species extinctions, and biotic homogenization worldwide 
(Sala et al., 2000). 
To avoid such an environmental problem, voluntary international guidelines 
for ballast water management have been established by the Maritime Environment 
Protection Committee (MEPC) of the International Maritime Organization (IMO). 
IMO required ships to develop ballast water treatment system and make sure that their 
discharge complies with the respective regulations. So far, many technologies are 
tested for minimizing and preventing the introduction of non-indigenous aquatic 
nuisance species from ballast water. These methods include ballast water exchange, 
filtration, ultraviolet radiation (UV), thermal, ultrasound, chlorination, ozonation, the 
use of biocides and others (Tsolaki et al., 2010). Among them, chlorination has been 
proposed as an effective option and widely applied for ballast water treatment.  
Chlorine is a strong oxidizing agent. It could be easily added to ballast tanks through a 
chlorinator installed in-line or onsite generation by seawater electrolysis. However, a 
potential problem associated with the usage of chlorine as a biocide for ballast water 
is the formation of disinfection by-products (DBPs).  
DBPs have been of great concern since Rook (1974) proved the formation of 
trihalomethanes (THMs) from the chlorination of water in 1974. The term DBP refers 
to a variety of organic and inorganic compounds formed during water disinfection 
process. They can form when disinfectants, such as chlorine, react with naturally 
present organic matter or inorganic substances in the water. THMs and haloacetic 
acids (HAAs) are two common groups of DBPs identified in chlorinated water. Both 
of them are known or suspected to be human carcinogens. Thus, THMs and HAAs in 
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drinking water are currently regulated by US Environmental Protection Agency 
(U.S.EPA). In regulation, the maximum contaminant levels (MCLs) of THMs and 
HAAs are 80 μg/L and 60 µg/L, respectively (U.S.EPA 1998).   
However, until now, little attention has been paid to the potential occurrence 
of DBPs during these ballast water disinfection processes. Little is known about 
whether the DBPs concentration will be too high for permitted release into coastal 
waters.  
 
1.2  Objectives and Scopes 
The objectives of this research were to improve our understanding of DBPs 
formation and speciation during the ballast water chlorination process.  To achieve it, 
a thorough study of the DBPs formation potential of chlorinated ballast water under a 
range of foreseeable operating conditions was carried out. The specific objectives and 
scopes of this research were: 
I. to identify the DBPs species and their concentration range in post-treated 
ballast water; 
II. to develop correlations between water quality, disinfection operational 
parameters and DBPs formation;  
III. to study contribution of different kinds of precursors on DBPs formation; 
IV. to find out the role of tank corrosion scales on the kinetics of chlorine decay, 
DBPs formation and speciation;  
V. to predict the environmental concentration of DBPs in typical marine 
environments 
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VI. to evaluate the environmental quality due to the release of treated ballast 
water 
Through this study, one would be able to uncover some important features of 
the formation of halogenated DBPs in ballast water chlorination process. The findings 
from the present study would provide significant information which is valuable on the 
control of DBPs generation and their exposure to marine environment. 
This thesis is arranged in the following manner. Chapter 1 provides a general 
introduction of ballast water, treatment technologies, and the environmental 
consequences due to the operation of treatment systems. A more detailed literature 
reviews are presented in Chapter 2. Experimental details, including materials, 
equipment and experimental procedures are given in Chapter 3. In Chapter 4, the 
chlorine decay and the killing effect on organisms are presented and discussed. 
Chapter 5 provides detailed information on the formation of THMs and HAAs under a 
range of foreseeable operating conditions such as chlorine dosage, water quality, 
organic content, temperature, and chlorine contact time or residence time. Chapter 6 
provides data of the DBPs generated from the land based study and different natural 
seawater sources, which simulates the levels of the compounds when seawater is 
taken as ballast. Chapter 7 provides the calculation results for the environmental risk 
assessment due to the operation of ballast water treatment. Some important adsorption 
data are provided in this chapter. Chapter 8, the final chapter, provides the summary 





This chapter provides detailed information about the problem of ballast water, 
its management regulation and the disinfection technologies. The formation and the 
environmental importance of disinfection by-products (DBPs) are addressed. 
2.1  Ballast water and its management 
2.1.1  Ballast water and its hazardous effect 
Any ship needs something that is called ballast and is heavy enough to make 
her stable when she does not carry enough goods. In the past, ships had carried solid 
ballast, such as rocks, sand and metal. Modern ships adopt water as ballast.  
Shipping moves over 80% of the world’s commodities and transfers 
approximately three to five billion tons of ballast water internationally annually 
(http://globallast.imo.org). When a ship is empty of cargo, it fills its tanks with ballast 
water. And when a ship loads cargo, the ballast water is discharged. Ballast water 
contains many microorganisms, phytoplankton, zooplankton, etc. When introduced to 
new marine environments, they pose a threat to the local marine ecological system. 
Detrimental effects can include loss of biodiversity, reduction in numbers of native 
species, and disruption of the ecological balance, as well as impacts on commercial, 
agricultural, recreational, and municipal uses of the water body. Human health can 
also be impacted, particularly in the case of bacterial, fungal, and viral pathogens. 
Invasive aquatic species has been considered as one of the four greatest threats to the 
world’s oceans, the others being: land-based sources of marine pollution; over-
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exploitation of living marine resources; physical alteration and destruction of coastal 
and marine habitat. 
International Maritime Organization (IMO) recognized three major impacts 
caused by the transfer of invasive marine species to foreign environments (Champ 
2002; Tsolaki et al., 2010).  
i. Ecological: Invading species would disrupt the native biodiversity and/or 
ecological processes. It is estimated that new introduced marine species invasion 
happens very 9 weeks. 
ii. Economical: Invading species would cause negative effect to fisheries, 
coastal industry and other commercial activities and resources. It is estimated that the 
cost of all invasive species exceeds US$138 billion per year in the USA alone. 
iii. Human health: Toxic organisms, diseases and pathogens are introduced 
through ballast water, potentially causing illness and even death to human being. 
Not only qualitatively, but also quantitatively, ballast water seems to be a huge 
problem to the environment. A single bulk cargo ship of 200,000 tons can carry up to 
60,000 tons of ballast water. It is estimated that around 3-5 billion tons of ballast 
water are carried around the world each year. According to Carlton’s (1995) study, 
more than 3000 species are transported by ships each day, and some 40 recent 
invasions have been mediated by ballast water. 
 
2.1.2 Ballast water management regulations 
Being aware of the need to provide a higher level of ballast water management, 
the “International Convention for the Control and Management of Ships Ballast Water 
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& Sediments” (herein “Convention”) was adopted by a Diplomatic Conference at 
IMO in London on Friday 13 February 2004 (http://globallast.imo.org). The 
Convention was attended by representatives of 74 states, one Associate Member of 
IMO and observers from two intergovernmental organizations and 18 international 
non-governmental organizations. It would enter into force from 12 months after 
ratification by 30 states, which represent 35% of the world merchant shipping tonnage. 
The Convention requires ships to develop ballast water management plans, maintain a 
ballast water record book, undertake certain ballast water management measures, and 
control the discharges within the limits. Currently, about 35 members have signed the 
convention, but the total tonnage is still less than 30%. Thus it would take some time 
before the convention becomes an international law.  
Under the Convention, the Ballast Water Performance Standard standards 
(Regulation D-2) are regulated as summarized in Table 2.1. According to the 
Regulation D-2, discharges of ships conducting ballast water management shall 
comply with the respective regulations.  
According to the Convention, ships should establish a Ballast Water 
Management System between 2009 and 2016. The timeline depends on the year of 
ship construction and the ballast water capacity. The Convention established that by 
the year 2016 virtually all commercial ships will have to comply with certain 
performance standards for the reduction of propagule supply, which is measured in 
terms of concentration of organisms in the discharged water. Then each ship will have 
a ballast treatment system onboard that could be capable of treating the ballast water 
before discharging it into the marine environment.  
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Table 2.1 Regulations of discharged organisms in Ballast Water (D2) 
Organism Regulation of discharge ballast water 
Phytoplankton/zooplankton ≥ 50 μm <10 viable organisms/m3 
Phytoplankton/zooplankton 10–50 μm <10 viable organisms/mL 
Toxicogenic Vibrio cholera (O1and O139) <1 cfu / 100 mL 
Escherichia Coli <250 cfu/ 100 mL 
Intestinal Enterococci <100 cfu/ 100 mL 
 
2.1.3  Current ballast water disinfection technologies 
Chlorine 
Chlorine was first used as a disinfectant for drinking water in 1904 to aid 
filtration processes in the prevention of waterborne diseases such as typhoid and 
cholera (Bryant et al. 1992). When gaseous chlorine (Cl2) or sodium hypochlorite is 
introduced into water, two compounds are initially formed. The first is hydrochloric 
acid or sodium chloride which has no disinfecting abilities and the second is 
hypochlorous acid which acts as a disinfectant. The chemical reactions are expressed 
as: 
HOClHClOHgasCl +→+ 22 )(        (2.1) 
HOClNaOHOHNaOCl +→+ 2        (2.2) 
Hypochlorous acid is only ionized in alkaline solutions. Therefore, it may 
disassociate to form a hydrogen ion and a hypochlorite ion in low alkalinity waters. 
Of the two compounds, hypochlorous acid has faster disinfection kinetics. As a result, 
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it is a more effective disinfectant than the hypochlorite ion. 
For several decades chlorine has been chosen as a disinfectant in drinking 
water treatment. However, using it as a disinfectant for ballast water is something new 
in the last 10 years. 
Vianna da Silva et al. (2003) investigated the potential of using chlorine as a 
disinfectant for ballast water treatment in a laboratory scale. Four ballast tanks with 
different chlorine concentrations (1, 3, 5 and 10 ppm) were employed in the testing. 
After 72 hours, the mortalities of zooplankton and phytoplankton were ranged from 
99.26%-99.01% and 75.75%-100%, respectively. In the same study, it was also found 
that a mortality of the organisms (zooplankton and phytoplankton) rise from 24.85% 
to 76.46% on the first 24 hours after the application of the sodium hypochlorite.  
According to Australian Quarantine and Inspection Species (AQIS) 1993 
(http://www.daff.gov.au.), chlorine dosages between 100 and 500 mg/L have been 
quoted for ballast water disinfection. The addition of a primary treatment unit such as 
filtration could decrease the dosage to 5 mg/L.  
Bolch et al. (1993) reported 100% and 90% deactivation of Gymnodinium 
catenatum cysts with chlorine dosages 500 ppm and 100 ppm, respectively. Zhang et 
al. (2003) studied the effects of the chlorination treatment for ballast water. A dose of 
5 mg/L of sodium hypochlorite was reported to be effective for removing bacteria 
(total anaerobic bacteria 99.85%; Vibrio 100%; E. coli 85.2%) from ballast water in 
24 h. For phytoplankton tests, four different algae species were selected, Nitzschia 
closterum (diatoms), Dicrateria spp. (chrysophyta), Platymonas spp. (green alga) and 
Pyramidomonnas sp. (green alga). It is reported that the absolute lethal concentration 
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(LC99) of sodium hypochlorite varies between 5 mg/L-100 mg/L depend on the 
species and concentration. At the end, Artemia salina was investigated. A dose of 2 
mg/L was enough for complete inactivation of Artemia salina from ballast water. 
 
Ozone 
Ozone (O3) is a strong oxidizing gas with high oxidation potential formed in 
the atmospheric layers, stratosphere and troposphere. Ozone is readily decomposed in 
aqueous solution. It may directly react with dissolved substances or decompose to 
form radicals which could react with various solutes in the solution (Khadre et al. 
2001).  
Ozone is one potential option for treating ballast water, particularly given the 
extensive use of ozone for other water treatment applications. Ozone is a very 
powerful but unstable, oxidizing agent which destroys viruses and bacteria, including 
spores when used as a disinfectant in water treatment plants. Ozone disinfection 
occurs through multiple pathways including: 1) direct oxidation and destruction of 
cellular walls; 2) damage to nucleic acid constituents (e.g., purines and pyrimidines); 
and 3) breakage of carbon-nitrogen bonds leading to depolymerization of molecules 
(USEPA. 1999). It has been used for over a century as a disinfectant widely in Europe 
and less in USA. 
Ozone chemistry in seawater differs from that in fresh water due to the 
presence of bromide ion. In seawater, ozone causes the formation of bromate ion and 
bromoform. Bromine rapidly forms hypobromous acid, which remains in equilibrium 
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with hypobromite ion (HOBr/OBr-). Actually, in seawater, the hypobromous acid 
(HOBr) is the primary disinfecting agent (von Guten et al., 1994).  
Some laboratory experiments have suggested that ozone may be effective 
against a range of aquatic organisms, but may be suitable for treatment of vegetative 
and resting stages (Oemcke et al., 2004.). Tests of efficacy in actual ballast tanks are 
currently limited to seawater applications. In the field, ozone treatment was proved to 
be effective against a range of vegetative cells of dinoflagellates and microflagellates, 
but generally less effective against crabs, shrimp, and diatoms (Cooper et al., 2002). 
The ineffectiveness against diatoms was attributed partly to difficulties in assessing 
viability of organisms post-treatment. Comparison of the field tests against a 
benchmark of 95% removal rates produced mixed results, with only 7 out of 20 
species comparisons exceeding this treatment standard. Efficacy against bacteria 
tended to exceed the benchmark, while treatment against dinoflagellates, 
microflagellates, and a representative fish species required 10 hours of treatment to 
approach the efficacy standard. Oemcke et al. examined the potential of ozone for 
disinfection of ships ballast water and came to the conclusion that ozone is not 
suitable for the control of spore-forming organisms in ballast water (Oemcke et al., 
2004). They used ozone doses of 9 mg/L (pH=7) and 14 mg/L (pH=8.2) and achieved 
4-log inactivation of Bacillus subtilis spores.  
 
Electro-chlorination 
Most of ships travel in salt water environment, where sodium chloride is well 
available. NaCl present in seawater could be used to generate a disinfecting solution 
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containing chlorine by passing an electrical current through the solution. NaCl is 
dissociated into Na+ (sodium cation) and Cl− (chloride anion) that reacts at the anode 
to produce free chlorine (Cl2). Successive reactions take place in the seawater 
including the formation of OH− (hydroxide) that migrates to the cathode and reacts 
with Na+ and Cl2, producing NaOCl (sodium hypochlorite) and H2 (hydrogen). The 
overall chemical reaction that occurs in the electrolytic chlorine generator can be 
depicted as:  
22 HNaOClOHNaCl +→+         (2.3) 
Onsite generation of hypochlorite from seawater has been used for over 25 
years. Systems can be scaled up to the appropriate size depending on the quantity of 
chlorine required. For ballast water treatment Matousek et al. (2006) produced sodium 
hypochloride through an electrolytic system in concentrations higher than 3.0 ppm. 
The results showed that bacteria were inactivated at 99.99% levels, phytoplankton 
more than 99% and mesozooplankton more than 99%. Nakayama et al. (1998), in 
laboratory scale experiments, used an electrode with titanium nitride covered anode 
for the electrochemical inactivation of marine bacteria (Vibrio alginolyticus). In all 
experiments, 98.7% of V. alginolyticus cells were inactivated in 30 min. Dang et al. 
(2003) applied electrolysis to ballast water in a small-scale pilot plant with a flow rate 
of 2.5 m3/h with Artemia salina as the indicator microorganism. Artemia was removed 
from ballast tanks at levels higher than 95%. 
There are about 25 treatment technologies that are based on chlorination. The 
values of chlorine (in term of total residual oxidant, TRO) are about 8 to 15 mg/L.  In 
our ballast treatment system, chlorine is produced in situ by electrolysis of natural 
seawater. The electric power is from main engine of the ship which is cost effective. 
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According to our experiment, the power consumption is about 50 kwh for 1000 m3 
ballast water treatment. 
 
Ultraviolet radiation treatment 
Ultraviolet (UV) radiation has been commonly used for waste and surface 
water disinfection. With the proper dosage, UV radiation is an effective bactericide, 
while not leading to the formation of hazardous by-products (Metcalf & Eddy 1991). 
UV radiation works through photochemical reactions with biological components 
such as nucleic acids (DNA and RNA) and proteins. The effectiveness of UV 
treatment depends on the size and the morphology of organisms. Most of the time, it 
is combined with filtration or use of hydrocyclones.  
Montani et al. (1995) reported that after exposure to UV light for 2 h, the 
germination of Chattonella sp. cysts decreased to 6% of the control, while 
germination of cysts of other species of dinoflogellates (Alexandrium sp. and 
Gymnodinium sp.) was more than 40% of the controls. Kong et al. (2007) used UV 
radiation in sequence with a micro-hole ceramic filter and examined the inactivation 
rates of UV radiation on bacteria (>87%) and on chlorella (>93%).  
Oemcke et al. (2004) investigated the effect of UV irradiation on zooplankton, 
phytoplankton and bacteria. The mortality varied from 40–99%. Sutherland et al. 
(2003) conducted large-scale experiments using a hydrocyclone, a self-cleaning 50 
μm screen and a UV unit. The mortality on natural populations of phytoplankton was 
more than 85%. Wright et al. (2007) tested UV irradiation onboard the vessel Coral 
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Princess. The results showed that the mortality of phytoplankton, zooplankton and 
bacteria was more than 70%. 
UV is considered as a ‘green’ technology for ballast water treatment as it does 
not lead to formation of DBPs and corrosion. However, the water must be treated 
twice during ballasting and de-ballasting, leading to higher energy consumption. In 
addition, it does not work well when the water contains high level suspended solids. 
 
2.2   Disinfection by-product 
The term disinfection by-products (DBPs) refer to a variety of organic and 
inorganic compounds formed during water disinfection process. They can form when 
disinfectants, such as chlorine, react with naturally present organic matter or inorganic 
substances in the water. Based on the formation and chemical properties, these DBPs 
may be categorized into the following groups. 
 
2.2.1  Trihalomethanes 
Trihalomethanes (THMs) were first reported in chlorinated water in 1972 
(Singer, 1999). Rook found the occurrence of trichloromethane or chloroform from 
chlorinated water sample analysis. After that, numerous studies established the 
presence of THMs in chlorinated drinking water all over the world. There are four 
common THMs as shown in Table 2.2. Chloroform is the principal DBP in 
chlorinated drinking water. The formation of brominated THMs is caused by the 
presence of bromine in chlorinated water.  
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Table 2.2 Names and Acronyms for THMs 
Name Common Name Formula Acronyms 
Trichloromethane Chloroform CHCl3 TCM,CF 
Bromodichloromethane ― CHBrCl2 BDCM 
Chlorodibromomethane ― CHBr2Cl CDBM 
Tribromomethane Bromoform CHBr3 TBM,BF 
Trihalomethane ― CHX3 THM 
 
Table 2.3 U.S.EPA Stage 2 Disinfectants and Disinfection Byproducts Rule  
DBPs MCL (mg/L) MCLG (mg/L) 
THMs 0.08  
—Chloroform  0.07 
—Bromodichloromethane  N/A 
—Dibromochloromethane  0.06 
—Bromoform  0 
   
HAA5 0.06  
—Monochloroacetic acid  0.07 
—Dichloroacetic acid  0 
—Trichloroacetic acid  0.02 
—Bromoacetic acid  N/A 
—Dibromoacetic acid  N/A 
   
Bromate 0.01 0 
Chlorite 1 0.8 
MCL: maximum contaminant level 
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MCLG: maximum contaminant level goal 
THMs are considered as potential carcinogens (U.S.EPA 2003). The outcomes 
of animal studies have shown high levels of THMs to be mutagenic and carcinogenic. 
Meanwhile, THMs have been reported weakly associated with increased cancer rates 
in many epidemiological studies. It has been estimated that the virtually safe doses of 
the four THM species derived for carcinogenic risks in the 10−4 to 10−6 range are less 
than 1000 μg/d (Bull et al., 1991). Furthermore, THMs have been possibly related 
with increased miscarriage rates and birth defects. In Waller et al.’s (1998) study, the 
women exposed to high levels of THMs had 1.8 times the likelihood of spontaneous 
abortion compared to those exposed to low levels of THMs.  
Under the Safe Drinking Water Act in 1979, THMs became the first 
disinfection by-product to be regulated by the EPA. In regulation, the Stage 1 
Disinfectants/Disinfection By-products (D/DBP) Rule establishes the maximum 
contaminant levels (MCLs) of 80 μg/L for total THMs (U.S.EPA 1998a). The Stage 2 
Rule (D/DBPR 2) has now been promulgated as well (U.S.EPA, 2006). Under the 
Stage 2 rule, DBPs must meet these limits based on a locational running annual 
average rather than system wide annual averages. 
2.2.2 Haloacetic Acid 
Haloacetic acids, or HAAs, are another major class of DBPs formed during the 
chlorination of water. There are three common groups of haloacetic acids. They are 
monohaloacetic acids (CH2XCOOH) with one halogen (X), dihaloacetic acids 
(CHX2COOH) with two halogens, and trihaloacetic acids (CX3COOH) with three 
halogens. These three different types of HAAs are significantly different in their 
chemical and biological properties. The main HAAs of concern are the nine 
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chlorinated and/or brominated species and usually reported as HAA5, HAA6, or 
HAA9 depending on the species measured (Table 2.4). 
Many HAAs are known or suspected human carcinogens. Thus, HAAs in 
drinking water are currently regulated by the US Environmental Protection Agency 
(U.S.EPA). Under the Stage 1 Disinfectants-Disinfection By-Products (D-DBP) rule, 
the sum of five HAAs (HAA5=CAA+DCAA+TCAA+BAA+DBAA) must not exceed 
the maximum contaminant level (MCL) of 60µg/L (U.S.EPA 1998a). In the 
negotiated Stage 2 D-DBP rule, water utilities will need to comply with the same 
MCL as in the Stage 1 rule except that the monitoring must be performed at the peak 
or maximum HAA5 sites in the distribution system (U.S.EPA 2000). 
Table 2.4 Names and Acronyms for HAAs 
Name Formula Acronyms HAA5 HAA6 HAA9 
Monochloroacetic acid CH2ClCOOH ClAA,MCAA √ √ √ 
Monobromoacetic acid CH2BrCOOH BrAA,MBAA √ √ √ 
Dichloroacetic acid CHCl2COOH Cl2AA,DCAA √ √ √ 
Bromochloroacetic acid CHBrClCOOH BrClAA,BCAA  √ √ 
Dibromoacetic acid CHBr2COOH Br2AA,DBAA √ √ √ 
Trichloroacetic acid CCl3COOH Cl3AA,TCAA √ √ √ 
Bromodichloroacetic acid CBrCl2COOH BrCl2AA,BDCAA   √ 
Chlorodibromoacetic acid CBr2ClCOOH ClBr2AA,CDBAA   √ 
Tribromoacetic acid CBr3COOH Br3AA,TBAA   √ 
Monohaloacetic acid CH2XCOOH XAA, MHAA    
Dihaloacetic acid CHX2COOH X2AA, DHAA    
Trihaloacetic acid CX3COOH X3AA, THAA    
Haloacetic acid ― HAA    
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2.2.3  Inorganic Disinfection Byproducts 
Two inorganic disinfection byproducts are currently regulated under the Stage 
1 D-DBP Rule (U.S.EPA 1998). They are chlorite (ClO2-) and bromate (BrO3-) 
 
Chlorite 
Chlorite is a common DBP found in water treated with chlorine dioxide, 
which is an alternative oxidant and disinfectant for drinking water treatment. The 
formation of chlorite is due to the degradation of chlorine dioxide. In the presence of 
natural organic matter or other reducing agents, chlorine dioxide is reduced to chlorite 
as shown: 
−→ 22 ClOClO           (2.4) 
 
Bromate 
Bromate is a common DBP found in ozonated water containing inorganic 
bromide. It is a highly toxic substance that a single oral dose of sodium bromate in 
adults (14 g/person) has caused toxic effect like vomiting, epigastralgia, watery 
diarrhoea and anuria in 30 minutes and deafness within 12 hours (Matsuyama et al., 
1993). It has been reported that the oral lethal dosage of adults on bromate ingestion is 
between 5 and 50 mg/kg body weight (Gosselin et al., 1976). In 1990, bromate was 
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observed as a carcinogenic substance toxic to kidney in rat studies (Kurokawa et al., 
1990) and cataloged into category I, group B2 carcinogen (AWWA, 1999).  
The current maximum contaminant level (MCL) of bromate in the US 
National Primary Drinking Water Standard is set at 10 µg/L (USEPA 1998a), as part 
of the negotiations for the Stage 2 Disinfectants/Disinfection By-products Rule 
(DIDBPR). The same limitation on bromate concentration was proposed by the 
drinking water commission of European Union. However, based on 10-4 lifetime risk, 
a 70 kg adult who drinks 2 L of water per day can only tolerate a bromate 
concentration of 5 µg/L in the water (USEPA 1998b). In another study, bromate is 
estimated to cause an excess life time cancer risk of 1:105 at 3 µg/L (Butler et al., 
2005). The reason for this high concentration regulation is based on the current 
analytical capabilities (Von Gunten et al., 1998).Thus with the improvement of 
analytical instrumentation and treatment technologies, lower MCL for bromate is 
expected in the near future (Kirisits et al., 2001). In spite of this, the U.S. 
Environmental Protection Agency (EPA) has set a maximum contaminant level goal 
of zero (U.S.EPA 2006). 
 
2.3   Formation of DBP in disinfection processes 
The formation of DBPs in drinking water is generally caused by the reaction 
between NOMs and chlorine or other disinfectants. The speciation and concentration 
of DBPs in water are affected by many water quality parameters and operating 
conditions, including natural organic matter, pH, concentration of bromine, 
disinfectant dosage and reaction time. Please take note that there are extremely 
20 
limited studies on the DBPs in the ballast water due to the fact that this issue is 
relatively new. Thus, the discussion below is limited to fresh water in most of cases. 
2.3.1  Reaction Path 
The reactivity of chlorine depends on chlorine speciation as a function of pH. 
Among the different aqueous chlorine species, hypochlorous acid is the major reactive 
form during fresh water treatment process. Reaction mechanisms involved in DBPs 
formation generally include oxidation, substitution, addition and hydrolysis. For most 
of the DBPs formation reactions, the elementary reaction can be formulated as 
HOCl+Organics    = DBPs                                   (2.5) 
The specific steps of identiﬁable DBPs formation are not well understood 
except in a few cases, with carbonyl function group chlorination being an example 
(Larson et al., 1994). Aldehyde or ketone chlorination generally results from initial 
substitution reactions on the α-carbon to the carbonyl group. It firstly induces the 
successive replacement of hydrogen by chlorine and subsequently produces acetate 
and chloroform via the haloform reaction.In that sequence, a ketone site undergoes 
three halogenation steps to form chloroform, as shown schematically in Figure 2.1. 
Similarly, in the case of β-diketones, the hydroden atoms of the methyl group lying 
between two carbonyl functions are easily dissociated and the chlorine subsititution 
happens fast. For instance, when acetylacetone reacts with chlorine, 1,1-
dichloroacetone, 1,1,1-trichloroacetone, acetate could be identified as transformation 
products. The chlorination mechanism of acetylacetone is proposed as shown in 
Figure 2.2 (De Laat, J., Merlet, N., Dore´ , M., 1982. Chloration de compose´s 
organiques: demande en chlore et re´activite´ vis a` vis de la formation des 




























































CH3COO- + CHX3  
 




2.3.2  Effect of natural organic matter  
Natural organic matters (NOMs) are a mixture of chemicals found commonly 
in the environment, containing two main classes of compounds: humic and non-humic 
material (Owen et al., 1995). The humic portion represents the predominant 
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constituents of the NOMs and is further divided in to three groups, fulvic acid, humic 
acid, and humin. The non-humic material includes other organic substances such as 
proteins, carbohydrates, and small organic acids. NOM levels generally are measured 
as total organic carbon (TOC) or dissolved organic carbon (DOC). UV absorbance 
measured at 254 nm (UV254) can be used as a surrogate parameter to monitor overall 
NOM concentration (Chin et al., 1994; Owen et al., 1995). The specific ultraviolet 
absorbance (SUVA) of water is defined as UV254 divided by the DOC concentration 
of a solution and is expressed in L/mg·m. It has been found to be a good indictor of 
the aromatic carbon content of NOMs (Owen et al., 1995; Krasner et al., 1996; Singer, 
1999). Water containing higher SUVA indicates higher humic contents and higher 
trihalomethane formation potential (THMFP) (Krasner et al., 1996; Singer, 1999).  
In particular, NOMs concentration and characteristics significantly affect the 
species of DBPs formed. According to Marhaba and Van (2000), the hydrophilic acid 
fraction is the most reactive precursor to THM formation while the hydrophobic 
neutral fraction has been found to be the major precursor to HAA formation. Liang 
and Singer (2003) found that hydrophobic fractions rendered higher HAAs and THMs 
formation potentials than their corresponding hydrophilic fractions, but hydrophilic 
carbon played an important role in disinfection by-product formation for waters with 
low humic content. Kim and Yu (2005) have shown that the formation potential of 
THMs is highly influenced by the hydrophobic fraction, whereas HAA formation 
potential (HAAFP) depends more on the hydrophilic fraction. Some recent studies 
have also shown that the hydrophilic fraction influences HAAs formation (Uyak et al., 
2008).  
In water containing bromine, in general, a low level of NOM results in a 
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higher percentage of the brominated DBPs than that for a high level of NOM. This is 
due to the fact that a higher NOM level requires a higher chlorine dose, which results 
in a lower ratio between bromine and chlorine (Xie, 2004). 
 
2.3.3  Effect of pH 
pH affects chlorine speciation and demand, with HOCl dominating at pH 
levels below 7.5. The degree of NOM molecules protonation also depends on the pH. 
As such, the formation of DBPs is expected to be influenced by pH. Generally, an 
increase in pH leads to an increase in the level of THMs formation and a decrease in 
HAAs formation, as HOCl is a more effective oxidizing agent (Stevens et al., 1989; 
Reckhow and Singer, 1990; Nieminski et al., 1993;. Rathbun, 1996). 
Baum and Morris (1978) found that the chlorine demand was lower in alkaline 
solutions than in acidic or neutral solutions, and yet increased chloroform formation 
occurred in alkaline solutions. In fact, concentrations of THMs increase as the pH is 
alkalized, due to the fact that both chloroform formation and the reaction rate increase 
as the concentration of hydroxyl ion (OH-) in the solution increases. Meanwhile, the 
solubility of humic acid increases and it has a broad molecule surface in a water 
solution.  
The effect of pH on the formation of HAAs is more complicated. According to 
Stevens et al. (1989), the TCAA formation in chlorinated waters is higher at a lower 
pH, whereas DCAA formation is not as much affected by pH. The authors showed 
that at pH 5 and pH 7, TCAA was formed in a similar manner; whereas at pH 9.4 it 
was greatly reduced, and DCAA was formed mainly in alkaline conditions.  
24 
In general, low pH water favors the formation of HAAs, trihaloacetaldehydes, 
trihalopropanones, and cyanogen halides. Kim et al. (2003) showed that DBPFP was 
the highest at pH 7.0 and increased with the reaction time of chlorination. Liang and 
Singer (2003) found that increasing the pH from 6 to 8 increased THM formation, 
decreased trihaloacetic acid formation, and had little effect on dihaloacetic acid 
formation.  
 
2.3.4  Effect of bromine concentration 
Concentrations of bromine can change the speciation of chlorinated 
disinfection byproduct species as well as the formation of DBPs (Pourmoghaddas et 
al., 1993; Symons et al., 1993; Huang and Yeh, 1997; Nokes et al, 1999). Bromine 
can be oxidized by chlorine or ozone to either hypobromous acid or hypobromite 
depending on the pH. Like hypochlorous acid and hypochlorite, both hypobromous 
acid and hypobromite react with NOM to form brominated DBPs.  
In general, bromine is much more reactive to NOM than is chlorine. Since 
bromine will occupy the site for chlorine substitution, the formation of chlorinated 
species will be reduced. The mass of bromine (with an atomic weight of 80) is much 
heavier than chlorine (with an atomic weight of 35.5); the mg/L concentration of the 
correlated bromoform will be twice that for chloroform. Therefore, at similar 
chlorination conditions, increasing bromide could significantly increase the mass 
concentration of THMs. An increase in bromine levels also reduces the formation of 
chlorinated HAAs and increases the formation of brominated HAAs (Xie, 2004). 
Moreover, water utilities need to monitor for bromine levels and must focus careful 
attention on evaluating their point of chlorination. 
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2.3.5  Effect of chlorine concentration 
For chlorination, chlorine dosage is the key factor in DBP formation. Some 
DBPs are intermediate products of chlorination reaction while others are end-products. 
If the DBP is an end-product, an increase in the chlorine dose would increase the 
concentrations of the DBP.  
However, if the DBP is an intermediate product, an increase in the chlorine 
dose may decrease the formation of the DBP. These intermediate products can be 
further oxidized by chlorine into end-products. In fact, increasing the chlorine dose 
increases the formation of THMs, HAAs, and many other chlorinated DBPs that are 
typical end-products (Singer, 1999; Xie, 2004). Many researchers have found chlorine 
dose to be the most important factor in the formation of THMs. 
 
2.3.6 Effect of reaction time 
Many DBPs are formed by a series of reactions. If the DBPs are an end-
product, then increasing the reaction time will increase the formation of the DBPs. 
However, if the DBPs are an intermediate product, increasing the reaction time may 
decrease the formation of the DBP, especially for high chlorine doses. Some DBPs, 
including trihalopropanones, trihaloacetaldehydes, and trihalonitromethanes, undergo 
hydrolysis reactions. Increasing the reaction time, especially after chlorine and/or 
DBP precursors are exhausted, will benefit the hydrolysis reaction and reduce the 
concentration for these DBPs.  
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Since THMs are typical hydrolysis products and chlorination end-products, the 
formation of THMs is generally increased by increasing the reaction time. Formation 
of DBPs often proceeds in two steps: an initial rapid stage within a few minutes to 
hour and a slower stage with nearly linear kinetics. Zou et al. (1997) found that about 
55% to 75% of the one-day total organic halide formation potential (TOXFP) was 
produced within 30 minutes and 85% to 90% was produced within 2 hours. 
 
2.3.7  Effect of the presence of algal 
Algal cells can penetrate filters and contribute significantly to produce DBPs, 
such as THMs and HAAs, following chlorination during water treatment processes 
(Ma and Liu, 2002; Nguyen et al., 2005). As compared to humic substances, algae can 
perform as an important source of DBPs precursors. Hoehn et al. carried out 
laboratory experiments with four algal species in different stages of growth and 
observed maximum chloroform yields from algal exceeded yields from humates 
(Hoehn et al., 1980).  
The cells and extracellular products would be potent precursors for THM and 
HAA on chlorination and that DBP production varies with the algal species and their 
growth phase (Scully et al., 1988; Karimi and Singer, 1991). HAA yield from 
extracellular organic matter extracted from green algae, Senedesmus, was 60 mg total 
HAA/mg TOC, and green algae have been argued to be the most productive in THM 
formation as compared to blue-green algae and diatoms (Nguyen et al., 2005).  
It is known that protein, carbohydrates and lipids are the major constituents of 
the algal cells, and their relative portions vary with algal species (Brown et al., 1997). 
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Generally, blue-green algae have been shown to have more protein contents (41-69%) 
than diatoms (12-50%), while diatoms appear to accumulate more lipids in the cells 
(5-43%) than blue-green algae and green algae (2-30%). It has been suggested that 
unsaturated alkyl chains (compositions of the fatty acid) might be reactive precursors 
of THMs (Norwood et al., 1980), while carbohydrates, including polysaccharides 
might not (Crane et al., 1980; Marhaba and Van, 2000). Proteins, such as bovine 
serum albumin, pepsin, rennin and cytochrome C, had high potential in producing 
THMs (20-51 µg/mg C THMs), but lower than humic acid (78 µg/mg C THMs) 
(Scully et al., 1988). 
 
2.3.8  Effect of metal deposit from corrosion 
Based on experimental studies using collected deposits, it is reportedly found 
that the presence of metal deposit affects the chlorine consumption and DBP 
formation. Experiments conducted with actual pipe deposits shows that THM as well 
as HAAs formation was much greater the presence of pipe deposit than without 
deposit. This occurs because the deposit not only contains organic material but also 
different types of metal oxides. These metal oxide surfaces may potentially act like a 
catalyst. This issue was addressed by DBP formation experiments on the model 
deposit (produced by mixing extracted organic material with goethite, synthetic iron 
oxide) with chlorine.  
It is observed that the presence of this model deposit enhanced the formation 
of chloroform but no conclusion was drawn about the HAAs, as those were not 
measured (Valentine et al., 2000). In a recent similar study, it is found that both 
THMs and HAAs are formed when goethite adsorbed NOM is exposed to chlorine 
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though the study was limited to high chlorine dose (Bower, 2003). The experiments 
with magnetite adsorbed NOM reaction chlorine showed that most of chlorine is 
consumed by ferrous reaction with chlorine and as a result of this less DBPs is formed 
compared to water alone condition. Based on the batch experiments of goethite and 
magnetite adsorbed NOM with chlorine, he proposed a global reaction scheme to 
identify the reaction pathways of DBPs formation in the aqueous and surface 
mediated reaction, emphasizing that secondary reaction where intermediate 
compound formation resulting from the reaction of NOM with surface is mostly 




 MATERIALS AND METHODS 
3.1  Materials 
Reagent water used in the experiments was ultrapure water produced by a 
Millipore water purification system (Millipore S.A. 67120 Molsheim France). The 
ultrapure water was Type I water with residual TOC less than 2 µg/L and resistivity of 
18 MΩ·cm. 
All chemicals used were American Chemical Society (ACS) reagent-graded. 
Solvents used in the extraction and standard preparation were high purity-graded. A 
humic acid stock solution was prepared by dissolving an aliquot of humic acid salt 
(Aldrich) into dilution water and filtering it through a 0.45-µm filter paper. All stock 
solutions and buffers were prepared fresh at the use time; otherwise they were stored 
in brown glass bottles at 4 °C. 
Glassware was scrupulously cleaned by tap water and a detergent, and then 
rinsed with distilled water several times and finally with hydrochloric acid solution 
three times before rinsing again with ultrapure water. The glassware was dried at least 
80 ºC inside an oven to avoid any contamination and dust.  
Natural seawater samples used in this study were collected from East Coast, 
Singapore. Chemical characteristics of the natural seawater sample were measured 
and summarized into to Table 3.1, including pH, TOC, UV254, and conductivity.  
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Sediment sample was collected from Straits of Melaka, Singapore. Prior to the 
studies of adsorption of DBPs, the sediment was autoclaved to avoid any 
biodegradation during sorption process. And then the wet sediment was stored at 4 oC 
until its use.  
Table 3.1 Characteristics of natural seawater using in the chlorination 
experiment 
Seawater Characteristics Values 
pH 7.98 
TOC 4.78 mg/L 
UV254 0.053 
Conductivity 41.7 ms/cm 
 
The artificial seawater was prepared with deionised water and sea salt; the 
detailed composition of the solution is given in Table 3.2. The pH of the synthetic 
seawater was then adjusted to 8.0. 
Table 3.2 The composition of artificial seawater 
Mineral Salts Conc. MW g/L  
NaCl 400 mM 58.45 23.37 
MgSO4-7H2O 20 mM 246.48 4.925 
CaCl2-2H2O 10 mM 110.99 1.11 
KBr 1.7 mM 119.01 0.20 
KCl 10 mM 74.56 0.745 
MgCl2-6H2O 20 mM 203.3 4.06 
NaHCO3 2.3 mM 84 0.196 














Figure 3.1 Membrane cell for the production of chlorine 
 Chlorine solution produced by electrolysis system was used as a chlorine 
(first as Cl2 and then as OCl-) source. Figure 3.1 is a schematic drawing of the 
production of chlorine through electrolysis in the membrane cell. Chloride ion is one 
of the major components of seawater. In the electrolysis process, the chloride ions 
oxidized and chlorine gas is released at the anode. The cathode attracts the free 
sodium ions across the membrane and reduces the water to hydrogen gas and 
hydroxide ions. The hydroxide ions and sodium ions combine to make sodium 
hydroxide and leave the chamber as a caustic solution. 




1 HClNaOHCurrentElectricOHNaCl ++→++      (3.1) 
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3.2  Study of chlorination efficiency 
3.2.1  Culture preparation 
Escherichia coli (E.coli) cells (ATCC 10798) were inoculated in 100 mL 
nutrient broth medium. Medium inoculated with E.coli cells was then kept in a 
shaking water bath for 24 hours, while the temperature and rotating speed of the bath 
were controlled at 37 oC and 120 rpm, respectively. In order to prepare the 
Enterococcus faecalis (E. faecalis) culture, E. faecalis cells (ATCC 47077) were 
inoculated in 100 mL of brain heart infusion broth. Inoculated medium was incubated 
in the shaking water bath under the same conditions as that for E.coli. 
 
3.2.2  Enumeration of bacteria 
Enumeration of two bacteria, E.coli and E. faecalis, was done using the 
membrane filtration methodology according to the standard methods (Standard 
methods for the examination of water and wastewater, 1998). In brief, the solution 
with microorganism to be enumerated was filtered through a membrane with 0.45 µm 
pore size by applying a vacuum pump. The filtration volume was selected according 
to the concentration of organisms. After filtration, membrane was transferred to an 
agar plate with suitable agar medium (EMB agar for E.coli and brain heart infusion 
agar for E. faecalis). Agar palates were sealed using Parafilm and incubated at 37 oC 




3.2.3  Chlorination Experiments  
Chlorination disinfection experiment was conducted by adding an aliquot of 
concentrated solutions of the electrochemically generated chlorine solution to yield an 
initial concentration of 10 mg/L. It should be noted that chlorine was added only 
initially at the 10 mg/L level and not maintained thereafter. Sample was collected at 
the different time intervals and was analyzed for E. coli or E. faecalis concentration. 
The DBPs formation experiments were conducted in glass bottles closed 
tightly with Teflon-faced septa screw caps. After mixing well, the bottles were stored 
in a water bath for the required time and at the experimental temperature. After the 
bottles were opened, accurate sample volumes were obtained rapidly and transferred 
to extraction vials to determine DBPs (THMs and HAAs). Chlorine and pH were 
determined as soon as possible after the opening of the bottles. 
 
3.3  Analytical methods 
3.3.1  THMs measurement 
Trihalomethanes analysis was conducted using a gas chromatographer (GC, 
Agilent 7890)/micro electron capture detector (µECD) with a purge and trap 
concentrator (Model Tekmer 300). The analysis were measured according to the 




The extraction procedures are as follows: 
1. Place a 20 mL water sample into a brown glass vial and quickly quenched 
residual chlorine with sodium sulfite dosed 300% in excess compared to the 
stoichiometric ratio. 
2. 2 mL of hexane (Sigma-Aldrich, 99.8% HPLC grade), which contained 
200 μg/L trichloroethylene as an internal standard, was added gently. 
3. 8.5 g of reagent grade sodium sulfate (Na2SO4) was added to the 
extraction vial to enhance the partitioning of the THMs into the organic phase 
4. Extraction vials were closed tightly and shaken at 300 rpm for 10 minutes. 
After shaking, the vials were allowed to settle for at least 10 minutes. 
5. The upper layer of hexane was transferred into GC vials for subsequent 
GC analyses. 
The detailed operation conditions were listed in Table 3.2 
Table 3.3: GC parameters for THMs and HAAs analysis. 
 
Trihalomethanes Method  Haloacetic Acids Method  
Column  J&W DB-5  J&W DB-1701  
Column Dimensions  30m x 250µm x 1.0 µm   30m x 250µm x 0.25 µm   
Oven Program  27 °C for 10 min, ramp 3°C 
to 41°C hold for 6 min, ramp 
5°C to 81°C, ramp 25°C to 
180°C hold for 3 min  
40°C for 10 min, ramp 2.5°C/min 
to 65°C, then ramp 10°C/min to 
85°C, then ramp 20°C/min to 
205°C,hold for 7min 
Carrier Gas  Nitrogen  Helium  
Carrier Flow Mode  Constant Pressure  Constant pressure  
Carrier Flow Rate  175.0 kPa  Initial velocity (at 40°C) 33cm/s 
Injection Mode  Splitless  Splitless  
Injection Temperature  275°C  210°C  
Total Run Time  35.63 min  35 min  
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3.3.2  HAA measurement 
Haloacetic acids were measured according to the U.S.EPA method 552.2 
(USEPA, 1995) with slight modifications. The extraction procedures are as follows: 
1. Place a 20 mL water sample into a brown glass vial and quickly quenched 
residual chlorine with sodium sulfite dosed 300% in excess compared to the 
stoichiometric ratio. 
2. Adjust pH to less than 0.5 by adding 1 mL of concentrated sulfuric acid. 
3. Quickly add 8.5 g of muffled sodium sulfate and shake until dissolved. 
4. Add 4 mL of methyl-tert-butyl-ether. Cap the vial and shake it vigorously 
and consistently by hand for 4 minutes. Allow the phase to separate for five minutes. 
5. Transfer 3 mL of the upper MTBE layer to a clean glass vial. Add 3 mL 10% 
sulfuric acid in methanol to the vial. 
6. Cap the vial and place it in a water bath at 50 °C for two hours.  
7. Remove the vial from water bath and allow it to be cooled before removing 
the cap. 
8. Add 7 mL of a 150 g/L sodium sulfate solution to each vial. Allow the two 
phases to settle fully, but do not allow the vial to sit more than a few minutes. 
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9. Add 4 mL a saturated sodium bicarbonate solution to the vial to neutralize 
sulfuric acid. Shake the vial to accelerate the neutralization reaction with frequent 
venting to release CO2. 
10. Transfer exactly 1.0 mL of the upper MTBE layer to an autosampler vial. 
Add 10 μL of the internal standard (25 μg/mL 1,2,3-trichloropropane in MTBE) to the 
vial to be analyzed. 
A GC (Agilent 7890) equipped with a µECD was used. The detailed operation 
conditions and retention time of HAAs were listed in Table 3.4. Figure 3.2 illustrates 
an example chromatograph for the HAAs analysis. 
 




Table 3.4 Average retention time and recovery data for THMs and HAAs 
Compound Average T (min) RSD (%) Recovery (%) 
THMs    
Trichloromethane 1.79 0.007 113 
Bromodichloromethane 3.09 0.004 102.7 
1,2-Dichloropropane (Surrogate) 4.27 0.006 111.4 
Chlorodibromomethane 6.16 0.002 102.1 
Tribromomethane 13.05 0.004 105 
HAAs    
Monochloroacetic acid (MCAA) 4.95 0.02 107.9 
Monobromoacetic acid (MBAA) 7.98 0.02 113.2 
Dichloroacetic acid (DCAA) 8.73 0.02 113.9 
Trichloroacetic acid (TCAA) 12.55 0.01 104.1 
Bromochloroacetic acid (BCAA) 15.19 0.006 108.9 
2-Bromobutanoic acid  (Surrogate) 15.72 0.01 107.8 
Bromodichloroacetic acid (BDCAA) 19.82 0.009 90.1 
Dibromoacetic acid (DBAA) 20.87 0.008 99.4 
Chlorodibromoacetic acid (CDBAA) 23.59 0.002 102.9 
Tribromoacetic acid (TBAA) 25.18 0.002 99.6 
* The average retention time represents the average of 8 injections 
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3.3.3  Chlorine concentration measurement 
  HACH DR/2010 Spectrophotometer was used to measure total chlorine and 
free chlorine in the effluent seawater. DPD powder pillows for total or free chlorine 
(HACH) were used for the tests. The sample preservation is not recommended here 
(due to rapid reactions and possible decomposition) and the tests were done 
immediately after collection. Procedure can be summarized as follows. 
The range of analysis using the DPD method for total chlorine can be extended 
by adding more indicator in proportion to sample volume. For the current range (0-5 
mg/L), powder pillows of DPD total or free chlorine reagent was added to a 10 mL 
sample portion. After color development, the sample volume was adjusted to 25 mL 
using de-ionized water (Hand Book - HACH DR/2010 Spectrophotometer). Then the 
spectrophotometer was used following the manufacturer’s specifications (according to 
the program identification number) to obtain the chlorine concentration.  
 
3.3.4  Total Organic Carbon  
Total organic carbon (TOC) was measured using a Shimadzu TOC-VCHS 
high temperature combustion analyzer equipped with an autosampler. Samples for 
TOC were preserved at 4°C in the refrigerator until analysis within 24 hours from the 
collection. The samples were automatically purged by the analyzer for four minutes 
before analysis. TOC standards were prepared from 1000 mg C/L stock solutions of 
potassium hydrogen phthalate, and calibration curves produced for TOC ranging from 
0.2-15 mg C/L. Samples with TOC above the calibration range were diluted and 
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measured again. According to our preliminary study, the effect of the high 
concentration of chloride in seawater on TOC measurement was insignificant. 
 
3.3.5  UV254  
A Shimadzu Multispec-1501 spectrophotometer was used to measure UV 
absorbance. Samples were placed in a 1 cm quartz cuvette and measured at a 
wavelength of 254 nm. The spectrophotometer was zeroed by measuring the 
absorbance of ultrapure water after several rinses. The instrument was zeroed every 
10 samples. 
 
3.3.6  pH 
pH was measured using a ORION-Model 525A pH meter. The pH meter and 
electrode were calibrated using standard pH 4, 7 and pH 10 buffer solutions before 
use. 
 
3.3.7  Conductivity/Salinity 
Conductivity/salinity was measured using a conductivity meter (Basic 
Conductivity/ TDS meter, CON10, OAKTON 35607-00). Manufacturer’s specified 




CHLORINE: EFFECT ON KILLING OF ORGANISMS 
AND ITS DECAY IN SEAWATER 
Chlorine, as an effective biocide with low cost and handy operation, has been 
widely used for the disinfection of water for a long time. The chemistry of the added 
chlorine in freshwater and wastewater has been intensively studied. However, the 
chlorination of seawater has a much shorter history and the chemistry involved is 
poorly known. The coastal power plants and seawater desalting companies usually 
employ seawater as the cooling water. The chlorine has been widely used to control 
biofouling of the cooling. Recently, another usage of chlorination in seawater is 
ballast water treatment.  At the time of writing, IMO final approval has been granted 
to more than 25 treatment systems, among which chlorination is the predominant 
technology (Werschkun et al., 2012). Understanding the chlorine decay behavior and 
mechanism is essential for designing the chlorination procedure and optimizing 
performance of the treatment system while minimizing impacts to the aquatic 
environment and saving energy consumption. Due to the variety of marine 
characteristics and the natural conditions, the chlorine decay behavior in seawater 
would be significantly different from that in freshwater. 
As mentioned above, chlorine decay has been studied extensively. Several 
hypothesis and explanations on the chemistry of chlorine in aqueous environment 
have been proposed and validated. A few models are devised to simulate chlorine 
decay process in different waters. However, previous research is inadequate as to the 
effect of specific conditions in the decay of chlorine as disinfectant residue in 
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seawater. There has been substantial documentation on several parameters that 
influence the bulk decay of chlorine in fresh water. Organic content, temperature, 
initial chlorine concentration are highlighted as particularly important (Brown et al., 
2011). The analysis of these parameters will prove helpful in aiding operators to dose 
accordingly during chlorination of ballast water, so that unwanted microorganism 
growth would be controlled without compromising ambient marine environment.  
In this chapter, a preliminary disinfection study was first performed to find out 
the chlorine level (TRO). The chlorination experiments with the synthesized and 
natural seawaters were carried out to investigate the decaying characteristics of 
chlorine. Several situations under different operating conditions including the chlorine 
dosage, temperature, salinity, and organic content were studied. This study will 
provide the basis for developing a kinetic model to describe the chlorine chemistry in 
seawater and determining the fate and transport of chlorine in the marine environment. 
 
4.1  Preliminary disinfection study 
Disinfection experiment was first carried out prior to starting the chlorine 
decay studies in order to get some basic ideas about the disinfection efficiency of 
chlorination and the required level of chlorine. Two IMO regulated bacteria, 
Escherichia coli (E. coli, ATCC 10798) and Enterococcus faecalis (E. faecalis, 
ATCC 47077), were selected as indicator microorganisms in this study.  
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Figure 4.1 Disinfection of E.coli and E.faecalis using electrochemically generated 
chlorine (a) E.coli concentration vs. contact time; (b) E. faecalis concentration vs. 
contact time 
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As shown in Figure 4.1(a), chlorine is effective to kill E. coli with initial 
concentration around 106 CFU/100ml. The IMO regulation for disinfection of E. coli 
was achieved in the first 3 minutes. From the data, it is observed that after 10 minutes, 
it is sure that all the E. coli are killed. The initial E. faecalis concentration in this 
study was set in the range of 1×103-2×103 CFU/100ml, as the actual concentration in 
seawater can be low. According to the Figure 4.1(b), the concentration of E. faecalis 
drops more slowly than E. coli, suggesting the disinfection of E. faecalis is more 
difficult to be killed than E. coli. the structure of the cell wall. E.coli are gram 
negative bacterial while E.faecalis are gram positive bacterial. The cell wall structures 
of two types of organisms are different. The peptidoglycan in gram negative cell wall 
is about 2-3 nm thick and chemical content of peptidoglycan is about 10-20%. In 
contrast, the concentration of peptidoglycan in gram positive cell is as high as 60-90% 
and the thickness is 20-80 nm. This peptidoglycan prevents the osmotic lysis and 
hence, the disinfection of E. faecalis is difficult compared to E.coli.  A longer contact 
time is needed for E. faecalis to reach the IMO regulation. At the end of the 6 hours of 
contact time, the IMO regulation was achieved. It could be concluded that chlorine 
with initial concentration of 10 mg/L can provide satisfied disinfection efficiency for 
both tested bacteria. Thus, initial chlorine concentration (TRO) with 10 mg/L was 
employed in the following chlorine decay and DBPs formation studies. 
 
4.2  Chlorine decay in artificial seawater 
 
44 
4.2.1  Effect of organic compounds 
As presented above, the organic matters in the seawater play significantly 
roles in chlorine decay behavior. However, the composition of NOM in natural 
seawater is too complex to fully understand the possible reaction when exposed to 
chlorine. Ethanol, acetic acid, glucose and humic acid were selected as model 
compounds in this study as the sewage may contain them. Figure 4.1 shows the 
evolution of total chlorine concentration as function of time during chlorination of 
artificial seawater with the four different organic compouds. 
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(b) TOC= 1 mg/L  TOC= 2 mg/L 






















Figure 4.2 Chlorine decay for synthetic seawater with different model organic 
compound: (a) acetic acid; (b) ethanol; (c) glucose; (d) humic acid 
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Figure 4.2 shows that the chlorine decay is significantly affected by the 
organic compound species and the concentrations. The trend of chlorine decay with 
humic acid basically resembles that with glucose and the decay rate in humic acid 
solution was slightly faster than that in glucose solution (Figures 4.2c and d).  With 
increasing concentration of glucose and humic acid from 1 to 5 mg/L in terms of TOC, 
the chlorine decay rate increased significantly.  Compared with chlorine decay rates in 
the presence of humic acid and glucose, no significant effect was observed in the 
seawater with acetic acid and ethanol as TOC source. The effect of different presence 
concentration of acetic acid and ethanol on chlorine decay was less obvious.   
It should be noted that the chlorine decay process in glucose and humic acid 
samples could be divided into at least two distinctive phases. The first phase (0 to 20 
hours) is short and drastic, whereas the second (20 to 120 hours) is a prolonged mild 
slope, with almost linear characteristic. It could be assumed there were two kinds of 
constituents, fast reactant and slow reactant, reacting with chlorine. In this study, fast 
reactant (FR) and slow reactant (SR) are defined referring to the concentration of fast 
reactant and slow reactant in the seawater, respectively. Figures 4.2c-d indicate that 
the FR increases with the glucose and humic acid concentration increasing. Humic 
acid might contain more FR than glucose.  
Both acetic acid and ethanol are simple compounds that are easier to be 
oxidized. As such, limited amount of TRO would be sufficient to oxidize them. Thus, 
the TRO levels left in both solutions are higher and similar to each other. 
On the other hand, humic acid and glucose are relatively more difficult to be 
oxidized. As such one needs more TRO to oxidize them. Hence, we can see higher 
TRO consumption in Figures 4.2c and d. 
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4.2.2  Effect of temperature 
Figure 4.3 shows the chlorine decay curve under differen temperature. It could 
be found that higher temperature leads to a raised chlorine decay rate. Similar result 
was reported for fresh water (Powell et al., 2000). As it can be seen, there was a rapid 
decay process happening initially. The residual chlorine concentration decreased 
continuously with time. Faster reaction or decay in TRO happens at a higher 
temperature. For example, at 45 oC, more than 85% amount of chlorine deappeared at 
the first 6 hours, while only 10-20% drop could be observed at temperature of 4 oC. 
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Figure 4.3 Residual chlorine decay profiles for artificial seawater (humic acid as 
carbon source) at different temperature 
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4.2.3  Effect of initial chlorine concentration  
As initial chlorine dose increases, the rapid drop of total chlorine became more 
significant. The discrepancy between initial chlorine concentration value determined 
empirically and the designed initial chlorine concentration grows. It might be 
attributed to the conversion of some parts of SR to FR when initial chlorine 
concentration is increasing. 





















































Figure 4.4 Residual chlorine decay profiles for artificial seawater (humic acid as 




4.2.4  Effect of salinity 
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Figure 4.5 Residual chlorine decay profiles for artificial seawater (humic acid as 
carbon source) with different salinity 
Salinity of ballast water is globally variable and strongly depends on the 
location which is related with sea water dilution by land stream, rainfall and 
evaporation. To obtain the different salinity levels, artificial seawater was diluted 
according to the requirement. To avoid the effect of TOC, the TOC concentration is 
controlled at 5 mg/L with humic acid in all the samples. The original artificial 
seawater was determined as 32 PSU. As a result of dilution, all constituents changed 
in concentration proportionally.  
As shown in Figure 4.5, the higher salinity led to a slightly higher decay rate. 
It could be attributed to the less amount of bromide in the diluted seawater. The effect 
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of salinity on the chlorine decay behavior was not obvious in a lower range from 3.2-8 
PSU.  
 
4.3  Chlorine decay in nature seawater 
 
4.3.1  Effect of temperature  
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Figure 4.6 Evolution with time of total chlorine concentration during seawater 
chlorination with 10 mg/L chlorine at different temperature 
Figure 4.6 shows the evolution of TRO as a function of time during 
chlorination of nature seawater with a 10 mg/L initial  chlorine dose under different 
temperature. It could be found the chlorine decay increased siginficantly with the 
increase in temperature. At 4 oC, there was more than 70% chlorine presence after 120 
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hours reaction. However, there was no chlorine could be indentified at 45 oC  sample 
after 96 hours reaction. Higher temperature would cause evaporation of chlorine gas, 
by which the TRO decreases to a lower level. The result indicates that the killing of 
organisms at lower temperature may not be a problem as higher level of TRO can be 
well maintained.  
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Figure 4.7 Residual chlorine decay in natural seawater at different initial 
chlorine dose 
 
4.3.2  Effect of initial chlorine concentration 
Compared with same experiment condition in artificial seawater, total chlorine 
appears to decay slower in natural seawater (Figure 4.7 vs Figure 4.4). This would be 
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due to the difference of organic compound in the natural seawater samples collected.  
Comparison of these two diagrams shows that the discrepancy between measured 
initial total chlorine level and designed value is large. It clearly indicates that the 
naturally occurring TOC contributes greatly to the suspected first rapid phase of decay 
and TRO can be easier to be decayed.  
 
4.4  Chlorine Decay Modeling 
Empirical Chlorine Decay Models  
Empirical models are based on the relationship of chlorine consumption with 
certain water characteristics such as TOC, DOC, pH and temperature. One of the 
earliest empirical models to predict bulk chlorine decay in potable water (fresh water) 
was presented by Feben and Taras (1951). It was an equation which directly described 
the loss of free chlorine concentration as a power function of time: 
 Cl(t)= Cl0-ktn                                            (4.1)                                                        
where Cl(t) is the chlorine concentration (mg/L) at time t(h) after initial dosing, Cl0 is 
the initial chlorine concentration and k and n are coefficients to be estimated for data 
fitting.   
Lyn and Taylor (1993) described the chlorine residual of a particular treated 
water as an empirical function of chlorine dose, DOC, temperature and time:  
Cl(t)=0.285Cl01.631+DOC-0.313T-0.176-DOC-0.241T0.101t0.265               (4.2) 
where Cl0 is the initial concentration of chlorine or chlorine dosing, DOC is dissolved 
organic carbon, T is temperature and t is time. 
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A modified form of saturation type model based on the Michaelis-Menten 
equation was proposed by Dugan et al. (1995) and developed by Koechling (1998): 
Cl(t)=K ∗ TOC ∗ ln(Cl0/Clt)-k ∗ TOC ∗ t+Cl0           (4.3) 
 
Theoretical Models for Chlorine Decay  
Theoretical models attempt to set up the relationship between the chlorine 
decay and the reaction time throughout a set of dynamic process equations. These 
equations are based on physical and chemical principles such as conservation of mass 
for water and chemical constituents and mass-action kinetics in chemical reactions. 
These reactions could be categorized into four components:  oxidation, addition 
reaction, substitution reaction and light decomposition. Based on that, it seems 
reasonable to presume that chlorine disappears mostly due to a set of concurrent 
parallel and serial reactions with a large number of different aqueous substances. For 
example, 
Cl2+H2O                 = HOCl+Cl-+H+                   
 (4.4) 
2HOCl                    = 2Cl-+2H++O2                                                             (4.5) 
HOCl+Br-                = HOBr+Cl-                                                                                                                     (4.6)      
2Fe2++HOCl+H+     = 2Fe3++Cl-+H2O                           
(4.7) 
HOCl+Organics    = DBPs                                   (4.8) 
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One can assume that all chlorine reaction schemes are in the parallel format, 
each of those reactions could be expressed generally as follows: 
Cl2 + X
k
→  Production                (4.9) 
where Cl2 refers to chlorine, X is an aqueous compound or molecular site that reacts 
with chlorine, k is the rate constant and P is the product of this general reaction. 
According to the first order kinetics, there is only one component involved; the 
compound A is going to be converted to compound B  
AB 
The rate of first order reaction is proportional to the first power of the 
concentration of only one component. Therefore, in the modeling with first order kinetics, 
chlorine concentration is assumed to be decreased over time by itself and it does not take 
into account other species with which chlorine reacts.  
The general first order and second order kinetic expressions for chlorine decay in 
bulk water would be expressed as follows: 
Cl(t)=ae-bt                                      (4.10) 
   
      Cl(t)=a/(1+bt)                                                                                               (4.11) 
Depending on the nature properties of the reaction with chlorine, type and 
amount of X in the water and their rate constants, there might be numerous different 
parallel reactions occurring simultaneously or consecutively. It is unrealistic to 
consider all those reactions with chlorine in an applicable planning/management 
modeling even though all reaction characteristics were known. 
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      dCl(t)
dt
=-Cl(t)*∑ kini=1 *Xi                       (4.12) 
in which CCl is chlorine concentration at time t, Xi is the concentration of ith aqueous 
species at time t that reacts with chlorine and ki is its corresponding reaction rate 
constant.  
As mentioned above, we presumed there are two kinds of reactants, FR and 
SR, in the seawater. Thus, the two parallel equations: parallel first order and parallel 
second order could be selected to fit to experimental data and they are expressed as 
follows: 





                                       (4.14) 
 
Curve-Fitting and Parameters 
For comparison, the four theoretical kinetics models, first order model, second 
order model, parallel first order model (PFOM) and parallel second order model 
(PSOM) were used to fit the data from the artificial seawater experiment. The fitting 
result was shown in Table 4.1. In all the cases, parallel models provided better fit than 
the classic kinetics models, with a correlation coefficient (R2) more than 0.96. In the 
following studies, the fitting parameters from parallel models were further analysis.  
As shown in Tables 4.2-4.8, PSOM fitting has a higher R square value than 
PFOM in all the cases. The curve lines in Fig 4.2-4.7 are the parallel second fitting 
results and they could predict the chlorine residual properly. The initial chlorine 
concentration calculated by PSOM is closer to the actual value we set.  
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Parallel First Order 
Model 
Parallel Second Order 
Model 
TOC(Humic Acid) R2 R2 R2 R2 
1 mg/L 0.797 0.817 0.953 0.96 
2 mg/L 0.795 0.874 0.922 0.967 
3 mg/L 0.741 0.809 0.948 0.973 
5 mg/L 0.886 0.958 0.967 0.996 
Temperature    
4 oC 0.838 0.851 0.955 0.957 
15 oC 0.866 0.933 0.966 0.986 
25 oC 0.886 0.958 0.966 0.994 
35 oC 0.816 0.899 0.973 0.99 
45 oC 0.92 0.971 0.979 0.998 
Cl2 Dosage    
5 mg/L 0.879 0.923 0.997 0.999 
10 mg/L 0.886 0.958 0.966 0.994 
15 mg/L 0.91 0.93 0.952 0.968 
20 mg/L 0.906 0.922 0.988 0.991 
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From Tables 4.2 and 4.3, more fast reaction happened with the higher TOC 
concentration sourced as glucose and humic acid. It could be contributed to the more 
FR presence as the TOC increasing.  
The reaction rates K1 and K2 were increasing with the humic acid increased. 
However for glucose, the fast reaction rate K1 were slightly stable. K1 for glucose was 
lower than that for humic acid. It might be attributed to the natural properties 
difference between these two organic compounds. Humic acid contains a large 
number of unsaturated chemical bonds, such as phenolic and carboxylic groups, 
which would react with chlorine or bromine and form halogen organic compounds. 
Both the reaction ratio and reaction rate increased with the temperature 
increasing in artificial seawater and natural seawater. According to the calculation 
through PSOM, less than 9% fast reaction happened at 4 oC in artificial seawater and 
the amount increased to more than 50% at the temperature higher than 35 oC. Similar 
results could be found in natural seawater. It indicated that more chlorine should be 
added into ballast tank in order to keep a required residual chlorine level at a higher 
temperature. Compared with artificial seawater, reaction ratio and reaction rate were 
lower in natural seawater, which could be due to the different organic compounds 
containing. The species of humic acid in natural seawater was different with the 
commercial one we used in artificial seawater.  
The Arrhenius equation is widely accepted to discribe the relationship bewteen 
reaction rate and temperature (Coulson and Richardson, 1964): 
k=F exp[(-E/R(T+273)]                    (4.15) 
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A linear regression between the rate constants and temperature was attempted. 
The slopes of the lines were calculated as temperature dependence factors (E/R) for 
both fast and slow reacting reactions. The results of the laboratory investigation of the 
effect of temperature are shown in Figures 4.8 and 4.9. 
The Arrhenius equation was fitted to each set of tests by optimizing the values 
of F and E/R to minimize the sum of the squared errors between predicted and 
observed K values. A good fit between modeled and observed data was achieved 
giving R2 fit in excess of 0.95 in both artificial seawater and natural seawater 
conditions. The temperature dependence constant is shown to be 11097˚K and 2831˚K 
for FR and 11978 ˚K and 5243 ˚K for SR in artificial seawater and natural seawater, 
respectively. This difference implies that there should not be considered only one 
temperature dependence parameter for both FR and SR.  
























y = -11879x + 36.364
R2 = 0.953
 ln (K2)












As shown in Tables 4.5 and 4.8, the ratio between fast reaction and slow 
reaction decrease with chlorine dose increasing in natural seawater. However, the 
trend is not obvious in artificial seawater. Chlorine dose also affects the both fast and 
slow reaction rate significantly in both cases. Higher fast reaction rate results by the 
higher chlorine dose applied. By contrast, slow reaction rate decrease with the 
chlorine dose increasing.  It could be attributed to lower organic compound residual 
after the fast reaction happened. 


































Figure 4.9 Linear regressions of kinetic rate constants vs. time for natural 
seawater chlorination 
After chlorine added into seawater, the conversion of hypochlorous acid to 
hypobromous acid happened rapidly as Equation 4.6. The hypobromous acid is 
considered as a more reactive reagent reacting with organic material than chlorine or 
hypochlorous. The diluted seawater with ultrapure water provided various 
concentration of bromide which causes the different FR and SR ratio in different 
60 
salinity sample. The ratio slightly decreased with the salinity decreasing from 32 PSU 
to 3.2 PSU.   
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Parallel First Order Model 







2 a b k1 k2 R2 A B K1 K2 
1 mg/L 0.966 10.17 0.077 0.396 0.0021 0.983 10.09 0.101 0.242 0.0022 
2 mg/L 0.978 10.08 0.218 0.191 0.0024 0.97 10.1 0.262 0.207 0.0024 
3 mg/L 0.973 9.06 0.339 0.192 0.0055 0.973 9.1 0.415 0.2 0.0062 
5 mg/L 0.986 9.06 0.458 0.166 0.0096 0.987 9.13 0.457 0.222 0.0188 
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Table 4.3 The fitting parameters of kinetics models for chlorine decay in artificial seawater with differen concentration 
of humic acid  
 
Parallel First Order Model 








R2 a b k1 k2 R2 A B K1 K2 
1 mg/L 0.953 9.58 0.173 1.706 0.004 0.96 9.83 0.201 3.58 0.00479 
2 mg/L 0.922 9.76 0.305 1.733 0.0073 0.967 10.08 0.33 3.84 0.00996 
3 mg/L 0.948 9.11 0.341 1.963 0.0103 0.973 9.99 0.41 4.26 0.01535 




Table 4.4  The fitting parameters of kinetics models for chlorine decay in artificial seawater at different temperature 
 
Parallel First Order Model 





Temperature R2 a b k1 k2 R2 A B K1 K2 
4 oC 0.955 10.11 0.075 0.199 9.37E-04 0.957 10.14 0.089 0.2689 9.10E-04 
15 oC 0.966 10.18 0.378 1.895 0.0091 0.986 10.04 0.192 0.9106 0.014 
25 oC 0.966 10.14 0.442 2.472 0.0178 0.994 10.08 0.426 4.6345 0.036 
35 oC 0.973 10.14 0.56 5.226 0.0314 0.99 9.91 0.575 8.3635 0.0936 





Table 4.5 The fitting parameters of kinetics models for chlorine decay in artificial seawater with different initial chlorine dose 
 
Parallel First Order Model 








R2 a b k1 k2 R2 A B K1 K2 
5 mg/L 0.997 4.99 0.818 20.81 0.881 0.999 5 0.726 4.87E+19 2.824 
10 mg/L 0.966 9.983 0.485 2.472 0.0177 0.994 10.08 0.426 4.6345 0.036 
15 mg/L 0.952 14.89 0.458 7.257 0.0102 0.968 14.96 0.485 12.42 0.0119 






Table 4.6  The fitting parameters of kinetics models for chlorine decay in artificial seawater with different salinity 
 
Parallel First Order Model 





Salinity R2 a b k1 k2 R2 A B K1 K2 
32 PSU 0.966 9.983 0.485 2.472 0.0177 0.994 10.08 0.426 4.6345 0.036 
16 PSU 0.958 9.781 0.453 2.208 0.0132 0.987 9.89 0.44 5.653 0.025 
8 PSU 0.976 9.34 0.377 2.074 0.0109 0.992 9.96 0.4 6.023 0.0184 
6.4 PSU 0.969 9.486 0.365 1.85 0.01 0.992 9.97 0.389 5.703 0.0172 





Table 4.7 The fitting parameters of kinetics models for Chlorine decay in nature seawater at different temperature 
 
Parallel First Order Model 





Temperature R2 a b k1 k2 R2 A B K1 K2 
4 oC 0.978 9.85 0.1184 1.877 0.003 0.99 9.92 0.135 2.646 0.0033 
15 oC 0.938 9.75 0.1622 2.622 0.0047 0.988 9.99 0.191 3.541 0.0056 
25 oC 0.978 9.63 0.2193 2.756 0.0061 0.992 9.89 0.244 5.391 0.0086 
35 oC 0.991 9.97 0.2606 2.81 0.0115 0.991 9.99 0.276 6.939 0.0187 






Table 4.8  The fitting parameters of kinetics models for chlorine decay in nature seawater with different initial chlorine dose 
 
Parallel First Order Model 








R2 a b k1 k2 R2 A B K1 K2 
5 mg/L 0.986 4.97 0.325 1.196 0.0081 0.995 4.98 0.332 1.947 0.0114 
10 mg/L 0.978 9.63 0.219 2.756 0.0061 0.992 9.89 0.244 5.391 0.0086 
15 mg/L 0.954 14.87 0.237 6.601 0.0037 0.981 14.97 0.253 11.307 0.0042 




CHAPTER 5  
IMPACTS OF WATER QUALITY AND OPERATION 
PARAMETERS ON DISINFECTION BY-PRODUCTS 
FORMATION 
 
Disinfection by-product (DBPs) of trihalomethane (THMs) and haloacetic 
acids (HAAs) are formed during the chlorination of seawater containing organic 
matter. The concentration and speciation of DBPs formed on chlorination depend on 
several operational conditions such as chlorine dosage, water quality, organic content, 
temperature, pH, bromide and chlorine contact time or residence time. In this chapter, 
a study of the DBPs formation potential of chlorinated ballast water under a range of 
foreseeable operating conditions was carried out.  
 
5.1 Effect of organic compound species 
As presented above, organic content in the seawater plays significantly on 
DBPs formation and speciation. However, the composition of NOM in natural 
seawater is too complex to fully understand the possible reaction when exposed to 
chlorine. Initially, methanol, ethanol, acetic acid, glucose, humic acid, lingo and 
starch were selected as model organic compounds and artificial seawater was used in 
this experiment. These organic compounds were chosen as model materials for 
several reasons. Foremost was the fact that carbohydrates (glucose) are required for 
cell development, and will therefore be present in NOM when decomposed plant 
material enters the oceans. And humic acid is one of the predominant constituents of 
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the NOMs. Starch was selected as to present particulate organic carbon (POC) in 
seawater.  

















Chlorine Dose= 10 mg/L
Contact Time= 7 days
(a)
 

















Chlorine Dose= 10 mg/L
Contact Time= 7 days
(b)
 





The known amount of model compounds (5 mg/L as TOC) was added to the 
artificial water to increase the TOC. Chlorine was added only initially at the 10 mg/L 
level and not maintained thereafter 5 days. The THMs formation potential (THMFP) 
and HAAs formation potential (HAAFP) of these tested organic compounds was 
shown at Figure 5.1. The sample with humic acid had the highest THMFP and 
HAAFP. The presence of lingo sulfonate also contributed to the DBPs formation. 
Trace amount of THMs and HAAs could be identified in the samples with small 
molecular organic compounds viz., methanol, ethanol, acetic acid, glucose. The 
existence of POC affected the yield of DBPs insignificantly. The results from the 
evaluation of THMFP of humic acid and glucose samples revealed that only 
dibromochloromethane and TBM were formed during the chlorination. The two 
chloro-THMs, i.e. TCM and BDCM, were not detected.  
In theory, it would be possible to predict the amount of DBPs that would be 
generated with TOC increasing or decreasing in the chlorinated water. In practice, 
however, the concentration of TOC is not the only predictor of DBP formation; the 
distribution of organic species (and resulting ‘reactivity’) also should be considered, 
which is rarely constant and makes such predictions unreliable.  
 
5.2 Effect of chlorine dose 
Chlorine dose is one of the most important factors affecting DBPs formation. 
To study the variation in the formation and speciation of DBPs with different chlorine 
dose, samples with a known amount of humic acid (5 mg/L as TOC) were injected 
with an initial dose of 5, 10, 15 and 20 mg/L of chlorine and concentration of THMs 
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Figure 5.2 Influence of chlorine dose on the evolution with time of THMs (a) and 
HAAs (b) concentration 
 
Figure 5.2 shows variations in THMs and HAAs concentration against time in 
artificial seawater with different initial dose. Higher chlorine dose caused a higher 
DBPs formation. The yield of THMs and HAAs was observed to be increased 264% 
and 255%, respectively, with increasing chlorine dose form 5 to 20 mg/L. The overall 
formation order of THMs species at all experiment conditions was observer to be 
TBM>DBCM, and formation of BDCM and TCM was not observed. In agreement 
with the result from earlier researches, TBM was observed to be the main constituent 
of the THMs in the chlorinated seawater (Dalvl et al, 2000).  With an increase in 
chlorine dose, formation of HAAs becomes greater than THMs formation. Four kinds 
of bromo-substitutions, viz., BCAA, CDBAA, DBAA and TBAA, were found as 
predominant HAAs species during seawater chlorination. DBAA and TBAA were 
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dominant over other two species. The concentration of chloro-dervatives was much 
lower in comparison with bromo-derivatives of acetic acid. A trace amount (<5 µg/L) 
of DCAA and TCAA could be identified only in the samples with 20 mg/L initial 
chlorine dose. There was no MCAA, MBAA and BDCAA formed in all the 
chlorinated samples.  
High bromo and bromo-chloro disinfection byproducts could be attributed to 
the formation of hypobromous acid (HOBr) caused by the reaction of hypochlorous 
acid (HOCl) and bromide (Br-) in seawater. 
HOCl+Br-                = HOBr+Cl-                              (5.1) 
Equation (5.1) happens fast enough to make a 99% conversion of HOCl to 
HOBr in typical seawater in about 10 s (Taylor, 2006). This resulted in the 
predominant formation of TBM as a result of bromine incorporation by reaction of 
HOBr with NOM. Although HOBr is a weaker oxidizing agent than HOCl, it is 
considered as a more powerful halogenating agent than HOCl. This formed HOBr 
reacts with NOM faster than HOCl, and, moreover, the ratio of HOBr:HOCl plays an 
important role in the speciation of DBPs. Hua et al. (2006) reported the formation of 
THMs shifts to more brominated species with increasing bromide concentration. As 
HOBr is a more powerful halogenating agent than HOCl, the brominated THMs are 
formed first, with bromine consuming the available sites on NOM present in the 
seawater samples.  
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Figure 5.3 Influence of temperature on the evolution with time of DBAA (a) and 
TBAA (b) 
 
Chlorine dose also affects the yield rate of DBPs. THMs and HAAs in the 
chlorinated water samples were found to form via a faster initial reaction with 
chlorine dose increasing. A significant amount of THMs and HAAs was generated 
within a short contact time. The formation performances of DBAA and TBAA were 








5.3 Effect of temperature 
 
Temperature is an important factor that influences the chemical reaction 
kinetics, and therefore higher concentrations of DBPs formation were obtained at 
higher temperatures. Figure 5.4 shows that the total THMs and total HAAs yield in 
chlorinated artificial seawater varied with reaction temperature. It could be found that 
elevated temperatures had a positive effect on THMs formation at all experiment 
conditions, as a result of faster formation reactions. The higher formation kinetics of 
THMs is also indicated by the rapid consumption of residual chlorine at elevated 
temperatures which was consistent with our previous chlorine decay study. It was 
observed that not only the rate of formation of THMs increased, but also the total 
yield was higher as the temperature increased. The formation of THMs increased 258% 
when temperature was increased from 4 to 45 °C. It should be noted that the increase 
in yield of THM was more significant when temperature was increased from 35 to 
45 °C, as compared with the increase in temperature from 4 to 15 °C. This may be 
contributed to more reactive of some NOM fractions at elevated temperature. 
Otherwise they are inactive and became liable to react with the available oxidant, 
forming less THMs at lower temperatures. Comparatively more NOM fractions 
became reactive when the temperature rose above 35 °C. In terms of THM speciation, 
TBM was observed to be the main constituent, accounting for 98% of total THM 
yield at all conditions.  DBCM was the only other THM detected in chlorinated 
artificial seawater, typically at a concentration approximately two orders of magnitude 
lower than that of TBM.  
For HAAs, more HAAs generation happened at a higher temperature with 
contact time increasing at the temperature range from 4 to 25oC. When the 
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temperature reached 35 oC or higher, HAAs concentration initially increased in and 
decreased after certain time. For example, at 45 oC, the concentration of HAAs 
reached its maximum at initial 12 hours and then decreased with reaction time 
increasing. Temperature also played a significant role on HAAs speciation. As Figure 
5.6 showed, DBAA and TBAA were the predominant HAAs species at the 
temperature range from 4 to 25oC, which accounts for more than 94% of total HAAs. 
Less TBAA content happened when the temperature increased. At 45 oC, no TBAA 
could be detected after 5 days reaction. The total HAAs concentration reduced with 
time increasing might be attributed to the disappearance of TBAA. Other three kinds 
of HAA species, viz., TCAA, BCAA, and CDBAA were found in all the samples with 
a much lower concentration than DBAA and TBAA. DCAA only could be identified 
in 35 oC and 45 oC samples.  There was no MCAA, MBAA and BDCAA formed in all 
the testing samples.  
The inﬂuence of temperature on the kinetics of chlorine consumption and 
DBPs formation was notable. Chlorine consumption (ΔCl 2 ) in chlorinated seawater 
water was accelerated  as  the  temperature  increased  from  4  to  45 oC (as discussed 
in Chapter 4).  HAAs formation rate in was also accelerated at higher temperatures. 
The relative kinetics of both two bromoine-substituted HAAs species (DBAA and 
TBAA) at different temperature is shown in Figure 5.5. DBAA formation rate was 
higher at a higher temperature. Yields of TBAA at temperature above 35 oC changed 
compared with that at temperature range from 4 to 25 oC. The concentration of TBAA 
increased faster during the initial phase of chlorination; however it underwent a rapid 
decay as the temperature increased to more than 35 oC, as shown in the Figure 5.5. 
For instance, no TBAA could be detected after 2 days reaction at 45 oC.  
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(a) (b) Cl2=4 























Figure 5.4 Influence of temperature on the evolution with time of THMs (a) and 
HAA (b) concentration 
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Figure 5.6 Speciation of HAAs in chlorinated seawater at different temperature after 5 days reaction 
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Figure 5.7 Stability of DBAA (a) and TBAA (b) at different temperature 
Evidence of TBAA instability at higher temperature was also investigated 
(Figure 5.7).  TBAA decomposed relatively faster at a higher temperature, which was 
consisting with our finding. Similar results are reported in the literatures studying on 
freshwater. They found elevated temperature increases the hydrolysis rate constant. 
Trichloroacetic acid undergoes C-C bond breakage during the base-catalyzed 
hydrolysis process, to form chloroform and chloride (Verhoek, 1934). Decomposition 
of other trihaloacetic acids, including bromodichloroacetic aced, dibromochloroacetic 
acid and tribromoacetic acids, follow the same pathway to generate 
bromodichloromethane, dibromochloromethane, and tribromomethane, respectively 
(Zhang and Minear, 2002).  They pointed out that decarboxylation is the major 
pathway for HAAs hydrolysis as Equation 5.2, whereas another study proposed 
nucleophile group displacement of the halide as Equation 5.3. (Urbansky, 2001) 
CXnCOO
-+H2O → CHXn+HCO3-              (5.2) 
CXnCOO
-+OH-→ CXn-1(OH)CO2
- +X-    (5.3) 
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5.4 Effect of different chlorination approaches 
The ballast chlorination approaches could be generally divided into two 
categories, direct injection with chlorine source (chlorine gas or hypochlorite salts) 
and onsite electrolytic generation of hypochlorite from seawater.  In previous studies, 
the direct injection approach was employed. To investigate the influence of different 
chlorinated methods on DBPs formation potential, an onsite electrolytic chlorine 
generation reactor was set up as Figure 5.8. The chlorinated seawater with required 







Figure 5.8 Schematic diagram of onsite electrolytic generation reactor 
Figure 5.9 shows a comparison of THMs formation in chlorinated seawater 
obtained by spiking concentrated chlorine solution and onsite electrolyzing seawater. 
The THMs yield in electrolyzed sample was slightly higher than that in spiking one. 
Similarly, HAAs also had a higher concentration in electrolyzed sample (Figure 5.10). 
In addition, a trace amount of MBAA could be detected in in electrolyzed sample. It 
has been proved that, besides chlorine, a trace amount of O3 and OH∙ radical also 
could be generated by the titanium electrolyte we used during electrolysis process. 
 
  




The presence of O3 and OH∙ radical may play an important role on the 
increasing DBPs yield (Metz et al., 2011). Nanayakkara et al. (2011) had reported that 
around 20% of killing of organisms was due to the presence and effect from non-
chlorination action, i.e. free radicals and ozone, and etc. However, it is pointed out 
that this is only good for full-through chlorination system. If chlorinated water is 
injected, it is not expected to have the formation of DBPs by free radicals as they are 










































































5.5 Effect of the presence of corrosion scale 
The presence of free chlorine in ballast tank may accelerate the ballast tank 
corrosion. In a recent study, experimental results showed that for the mass 
concentration of total residual chlorine being 17 mg/L, the corrosion rate within seven 
days was about 50% higher than that in natural seawater (Song et al., 2009). On the 
other hand, the corrosion scale would impact the process of DBPs formation. Bower 
(2003) studied the chlorine decay and DBP formation kinetics of the fresh water in 
presence of goethite and magnetite. He found that goethite enhanced the chlorine 
decay and DBP formation kinetics over the aqueous phase whereas magnetite works 
as chlorine sink. 
In this study, the effect of presence of metal deposit on chlorine decay and 
DBP formation kinetics in chlorinated seawater was investigated. Metal corrosion 
scale is found to be composed of variable ferrous and ferric oxy-hydroxide. In this 
study, goethite (α-FeOOH) was selected to represent the ferric component of the 
metal deposits whereas magnetite (Fe3O4) was employed to represent both ferrous 
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 Initial  48 hrs  120 hrs
Control FeOOH Fe3O4
 
Figure 5.11 NOM sorption on iron oxide (dosage=1 g/L) 
 
The sorption of TOC to iron oxide would alter reaction pathways causing 
greater susceptibility of TOC to react with chlorine and in most cases causing more 
DBPs formation.  The sorption behavior of humic acid on FeOOH and Fe3O4 was 
investigated. Artificial seawater samples with a known amount of humic acid (as 5 
mg/L of TOC) were in contact with FeOOH and Fe3O4 for 5 days to determine the 
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distribution of TOC between the aqueous and iron oxide surface. A control sample 
was set up and did not contain any iron oxides. The results of this TOC distribution 
between aqueous and iron oxide surface is illustrated in Figure 5.11. There was almost 
no change of TOC concentration in the control sample during the testing period. It 
indicated any decreases would be contributed by sorption. It could be found that more 
TOC sorption happened in the Fe3O4 sample than that in FeOOH sample. After 5 days 
contact, the residual TOC in Fe3O4 and FeOOH samples were 60.9% and 69.5%, 
respectively. Gu et al., (1994) reported that the adsorption of TOC on the iron oxide 
surface is irreversible because the adsorbed NOM may completely collapse on the 
iron oxide surfaces to allow for maximum points of interaction between oxygen 
containing functional groups of NOM and iron oxide surface through ligand exchange 
mechanism. TOC sorption on Fe3O4 and FeOOH surface suggests that NOM reactive 
sites have been distributed between the iron oxides surface and aqueous phase. The 
transfer of NOM from aqueous to iron oxides surface indicates that the kinetics of 
chlorine decay and DBPs formation characteristics would be different in presence of 














5.5.2 Chlorine decay in seawater with iron oxides 









 FeOOH= 0.1 g/L and Fe3O4= 0.1 g/L
 FeOOH= 0.5 g/L and Fe3O4= 0.5 g/L





















Figure 5.12 Chlorine degradation in the presence of different concentration of 
corrosion scale for seawater 
 
FeOOH and Fe3O4, both commonly identified iron corrosion produces, were 
selected to identify their effect on chlorine degradation. Artificial seawater samples 
with a known amount of humic acid (as 5 mg/L of TOC) and iron oxides were 
injected required amount of chlorine. A control sample was set up and did not contain 
any iron oxides.  As shown in Figure 5.12, compared with control sample, chlorine 
decayed more quickly with the presence of these corrosion scales. The increases of 
corrosion solids concentrations caused increased chlorine degradation and faster 
decay rater. The comparison of chlorine decay behavior between the control sample to 
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samples containing iron oxides suggests that humic acid when adsorbed onto the iron 
oxides surface was more reactive. It may be contributed to iron oxides’ potential to 
complex with organic compounds and enhance DBPs by accelerating the 
decarboxylation and enolization steps involved in DBPs formation pathways. 
Consequently, more chlorine may be involved in electrophilic addition and 
substitution reactions with the organic precursors. It could be predicted DBPs 
formation would be affected by the presence of iron oxides. 
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Figure 5.13 Relationship between parallel second order chlorine decay rate and 
the amount of iron oxides presence 
According to the calculation by kinetics models (Table 5.1), both fast and slow 
chlorine decay rates (parallel second order model) were higher with more amount of 
iron oxide presence. It could be found that there was a linear relationship between fast 
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decay rate and iron oxide dose. The linear correlation between slow reaction rate and 
the presence of iron oxide only had an R-squared value of 0.732 (Figure 5.13). 
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Parallel First Order Model 





FexOy R2 a b k1 k2 R2 A B K1 K2 
Blank 0.995 14.94 0.32 0.280 0.010 0.998 15.02 0.239 0.778 0.0196 
0.1 g/L 0.994 14.99 0.36 0.431 0.011 0.999 14.98 0.336 0.862 0.0199 
0.5 g/L 0.997 14.65 0.47 0.489 0.013 0.999 14.96 0.343 0.918 0.0346 





5.5.3 DBPs formation in chlorinated seawater with iron oxides 
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Figure 5.14 Influence of corrosion solids on the evolution with time of THMs (a) 
and HAAs (b) 
Iron oxides were observed to affect DBPs formation on their species and 
concentrations (Figure 5.14). Compared with the control sample, 1 g/L of Fe3O4 had 
similar THMs formation in initial 2 days and got a lower yield of THMs finally. 1 g/L 
FeOOH slightly promoted THMs formation. However, both kinds of iron oxides 
catalyzed the HAAs formation. HAAs concentration and yield rate in Fe3O4 sample 
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Figure 5.15 Influence of corrosion solids on the evolution with time of DBAA (a) 
and TBAA (b) 
DBAA and TBAA were the predominant HAAs species in the chlorinated 
seawater with iron oxides presence. The presence of Fe3O4 increased the formation of 
the both bromo-derivatives (Figure 5.15). A similar catalysis effect of FeOOH on 
formation of TBAA was found. However, the effect of FeOOH existence on DBAA 





DISINFECTION BY-PRODUCTS OCCURRENCE IN 
CHLORINATED BALLAST WATER 
 
According to IMO regulation, all ballast water management systems (BWMS) 
have to be approved by a flag state authority such as MPA in Singapore to confirm 
that it meets the requirements set out in the ‘International Convention for the Control 
and Management of Ships’ Ballast Water and Sediments’ (IMO, 2004). Once installed 
on board ships, the BWMS may encounter a wide range of different aquatic 
environments. Sufficient land-based tests and shipboard tests with certain 
specifications are required by IMO (IMO, 2008a). Besides the biological efficacy, the 
BWMSs that make use of active substances (e.g. chlorine) must receive an approval 
by the IMO (called as basic and final approvals), ascertaining their acceptability 
concerning ship safety, human health and the aquatic environment (IMO, 2008b). 
Human exposure to DBPs may potentially arise from the ballast water chlorination 
system installations. Assessment of discharged water should include a description of 
the effect of chlorination on the ballast water, in particular the formation of DBPs.  
In the study presented in this chapter, the DBPs occurrence in chlorinated ballast 
water was investigated under the conditions comforting to certain specifications on 





6.1    DBPs occurrence in the water used in land-based study 
 
The following minimum requirements are specified for the quality of land-based 
test water at intake: testing of two different salinity ranges, separated by at least 10 
PSU; dissolved organic carbon (DOC) and particulate organic carbon (POC) each >1 
mg/l in water >32 PSU and >5 mg/l in water ≤32 PSU; total suspended solids (TSS) > 
1 mg/l in water >32 PSU and >50 mg/l in water ≤32 PSU (IMO, 2008a). 
In this study, artificial seawater was adopted to presence the marine water. 
Brackish water and fresh water were obtained by artificial seawater dilution with 
ultrapure water. The compositions of the three kinds of water samples are listed in 
Table 6.1. Samples were initially incubated for about 2 hours to equilibrate to reach 
constant experimental temperatures (4, 15 and 30 oC) and subsequently chlorinated 
with concentrated chlorine solution with 10 mg/L of initial chlorine dose.  
 
Table 6.1 compositions of the simulating land-based water samples 
 
Salinity DOC (Ligno sulfonate ) Corn starch (POC) Kaolin (TSS) 
Marine water 33 PSU 2 mg/L 2 mg/L 10 mg/L 
Brackish water 15 PSU 6 mg/L 6 mg/L 60 mg/L 


































































Figure 6.1 Generation of DPBs as a function of water quality and temperature 






Changes in temperature and salinity were observed to significantly influence the 
overall load of DBPs formation. Figure 6.1 illustrates the total yield of THMs and 
HAAs as a function of water quality and temperature after 5-day chlorination. Higher 
concentrations of THMs formation were obtained at higher temperatures.  From the 
comparison of results from 1 PSU and 15 PSU, it could be concluded that higher 
salinity led to more THMs generation. Compared with 15 PSU samples, less 
concentrations of THMs in 33 PSU samples could be attributed to the less TOC 
content in marine water than that in brackish water. However, the total yield of THMs 
in 33 PSU sample was higher than that in 1 PSU sample at three experimental 
temperatures, even though the TOC content was 3 times less than the low salinity 
samples. After 5-day chlorination, a maximum observed concentration of THMs 
formed in 15 PSU sample was observed at experimental temperature of 30 oC. For the 
samples with same properties, the HAAs generation increased when the experimental 
temperature was increased from 4 to 15 oC and then decreased at a higher temperature 
as 30 oC. At same experimental temperature, it was observed that more HAAs 
formation happened in lower salinity samples. The most amount of HAAs yield 
happened in 1 PSU sample at experimental temperature of 15 oC.  
Not only the total yield, but also the rate and speciation of formation of DBPs 
were also affected by the nature of water sample and reaction temperature. From 
Figure 6.2, it could be found that elevated temperatures had a positive effect on THMs 
formation, as a result of faster formation reactions (Williams et al., 1997). 
Temperature always influences the chemical reaction kinetics; higher concentrations 
of THMs formation were thus obtained at higher temperatures.  
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The distribution of THMs species is illustrated in Figure 6.3. After 5 days 
chlorination, TBM was the dominant THMs in all the samples due to relatively high 
concentration of bromide. Its weight fraction increased from 72% to more than 98% 
with the salinity increasing (Table. 8.2), More THMs species with chlorine 
components could be found at low salinity. DBCM could be identified in 1 PSU 
sample which contributed 10%-20% of total THMs yield. Meanwhile, it only 
accounted for about 2% of the total THMs in 15 PSU and 33 PSU samples. For 
BDCM, it only could be detected in 1 PSU sample at a low level presenting 1.29 to 
4.68% of the sum of THMs at different experimental temperatures. It should be 
pointed out that the formation of TCM was not observed in all the samples. 









































































Figure 6.2 Influence of salinity at (a) 1 PSU, (b) 15 PSU and (c) 33 PSU on 
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Figure 6.3 Distribution of THMs species formed after 5 days of reaction time 
corresponding to various experimental conditions 
Table 6.2 Evolution of THMs species weight fraction as a function of water 
quality and temperature after 5 days chlorination 
Water Quality Temperature TCM BDCM DBCM TBM 
1PSU 
4 oC N/A 4.68% 22.60% 72.72% 
15 oC N/A 3.52% 23.94% 72.54% 
30 oC N/A 1.29% 12.06% 86.65% 
      
15 PSU 
4 oC N/A N/A 1.63% 98.37% 
15 oC N/A N/A 1.73% 98.27% 
30 oC N/A N/A 1.74% 98.26% 
      
33 PSU 
4 oC N/A N/A 1.73% 98.27% 
15 oC N/A N/A 1.69% 98.31% 




Dependence of HAAs on reaction time in chlorinated seawater samples under 
different experimental conditions is illustrated in Figure 6.4. More HAAs generation 
happened at a higher temperature with contact time increasing at the temperature 
4 and 15 oC. When the temperature was increased to 30 oC, HAAs concentration 
initially increased in and decreased after certain time. Elevated temperatures could 
accelerate the reaction of HAAs formation.  
More amounts of HAAs (higher concentrations) were formed with a short period 
of contact time at a higher experimental temperature. However, it must be noted that 
this could not be the case for all the compounds, because a temperature increase may 
cause faster formation kinetics and faster decomposition kinetics as well, as reported 
for TBAA in last chapter.  












































































Figure 6.4 Influence of salinity at (a) 1 PSU, (b) 15 PSU and (c) 33 PSU on 
formation of HAAs at different temperature 
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HAAs= 314 µg/L HAAs= 231 µg/L HAAs= 150 µg/L 
HAAs= 416 µg/L HAAs= 518 µg/L HAAs= 271 µg/L 
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(b) 1 PSU at 15oC (c) 1 PSU at 30oC(a) 1 PSU at 4oC
(e) 15 PSU at 15oC (f) 15 PSU at 30oC(d) 15 PSU at 4
oC












Figure 6.5 Distribution patterns of HAAs species formed after 5 days of reaction 
time corresponding to various experimental conditions 
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When seawater is diluted with ultrapure water, the concentrations of bromide 
decrease.  The hypobromite formed from hypochlorite is determined by the molar 
ratio of bromide to the added chlorine in the solution. As shown, more contribution of 
chlorine occurs in lower salinity samples. The concentration of bromide is lower due 
to the dilution. The slightly higher Cl/Br ratio at 30oC could be attributed to the 
decomposition of tribromoacetic acid. 
Table 6.3 Contribution of chlorine and bromine in the HAAs speciation 
Experiment Condition HAAs Conc. (μg/L) Cl/Br (mass ratio ) Cl/Br (mole ratio ) 
1 PSU at 4oC 280 0.112 0.252 
1 PSU at 15oC 767 0.121 0.274 
1 PSU at 30oC 655 0.122 0.275 
    
15 PSU at 4oC 271 0.060 0.135 
15 PSU at 15oC 518 0.028 0.063 
15 PSU at 30oC 416 0.042 0.095 
    
33 PSU at 4oC 150 0.066 0.149 
33 PSU at 15oC 231 0.023 0.052 
33 PSU at 30oC 314 0.029 0.065 
 
To fully understand the formation process at different conditions, the distribution 
of HAAs species and formation behavior of each compound were analyzed. As shown 
in Figure 6.5, distribution of HAAs differed greatly from each experimental condition 
after 5 days of reaction time. In all the cases, the most abundant HAA species were 
three kinds of bromo-derivatives, viz. DBAA, TBAA, and CDBAA. More chloro-
HAAs, i.e. DCAA, TCAA, BCAA and BDCAA were formed in low salinity samples. 
It should be noted that BDCAA was only detected in 1 PSU samples. In 1 PSU 
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samples, the contribution of DBAA increased from 11.98% to 36.7% as reaction 
temperature varied from 4 to 30 oC while the fraction of TBAA decreased from 
49.99% to 27.09%. The decreasing of TBAA contribution with temperature increasing 
was also observed in 15 PSU and 33 PSU samples. 
The influence of reaction time on the evolution of formation of individual HAAs 
species of DBAA, TBAA and CDBAA is illustrated in Figure 6.6. DBAA formation 
was greatly enhanced in the presence of a higher temperature. With the same TOC 
content, we can observe a slightly more DBAA generation in 15 PSU samples than 
that in 1 PSU sample [top and left/middle figures], which indicated higher bromide 
concentration resulting in more DBAA formation. However, higher PSU (like 33 
PSU) leads to lower concentrations of DBAA, which likely is due to the nature of the 
organic matters.  
The formation behaviors of TBAA and CDBAA were similar to total HAAs 
given in Figure 6.4. Their trends however are different from those of DBAA. One can 
see that the TBAA and CDBAA concentrations at 30 oC drop after 1 to 2 days, which 
is due to the decomposition or conversion to other compounds. As such, it may be 
concluded that the loss of HAAs at 30 oC after 2 days of chlorination is due to the 
decomposition of TBAA and CDBAA. 
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Figure 6.6 Influence of salinity at (a) 1 PSU, (b) 15 PSU and (c) 33 PSU on 






























Figure 6.7 Influence of temperature on formation of in 1 PSU samples 
The BDCAA formation in 1 PSU samples increased with the raising of 
experimental temperature as demonstrated in Figure 6.7. This compound did not 
appear in 15 PSU and 33 PSU samples which have higher bromide content. The 
bromide concentration is higher at higher salinity (e.g. 15 and 33 PSU). Under such 
an environment, BDCAA would be converted to TBAA and other Br-compounds. 
That is the reason we cannot see concentration of the BDCAA at higher salinity. At 
lower salinity, the Br ion concentration is lower. Hence we have higher BDCAA 






6.2    DBPs occurrence in water to be taken as ballast 
6.2.1    Chlorinated seawater from different sources 
Five separate seawaters were collected from different locations around the coast 
of Singapore shown in Figure 6.8 for this study. This was to simulate ballast water 
taken from different sources/locations.  
To avoid any possible thermal, photo degradation or biodegradation of the 
organic matter, sodium azide was added into the seawater samples that were 
preserved at 4 oC in the dark until chlorination study. It is important to investigate the 
differences between these water sources prior to the chlorination and the DBP 
formation. .  
Investigation of the initial differences between these five waters ultraviolet 
absorption at a wavelength of 254 nm (UV 254) and dissolved organic carbon 
analysis (DOC) were carried out. The specific ultraviolet absorbance (SUVA) was 
determined by the ratio of DOC value to UV 254. This SUVA is a measure of the 
unsaturation and aromaticity in the water sources.  
The results of these analyses are shown in Table 8.2. A great variation among the 
samples for the different water quality parameters can be observed. The Pasir Panjing 
water has the highest DOC value while it has the lowest SUVA, i.e., low aromaticity. 
The results show that the water properties are dependent upon the nature of location 







Figure 6.8 Map of sample collection sites (S1:Pasir Ris, S2:East Coast, S3:Pasir 
Panjang, S4:Jurong, S5:West Coast) 
 
Table 6.4: Natural water samples characteristics used in the experiments 







S1:Pasir Ris 5.04 0.04 0.79 40.9 7.22 
S2:East Coast 5.50 0.032 0.58 43 7.92 
S3:Pasir Panjang 6.40 0.036 0.56 42.4 7.96 
S4:Jurong 5.00 0.031 0.62 43.1 8.05 





The concentrations of THMs and HAAs formed in chlorinated seawater samples 
are shown in Figure 6.9 for 5-day contact time.  The THMFP and HAAFP of these 
tested seawater samples are different from each other.  As shown in Figure 6.9(a), S3 
had the highest THMFP while the THMFP of S2 was the lowest among the five tested 
chlorinated seawater sample. The predominant THMs species was TBM with high 
levels ranging from 86%-93%. The rest of the THMs yield were assigned to DBCM 
generation, and other two THMs species, BDCM and TCM, was not formed during 
the testing. Comparison of the five samples shows that the compound with lowest 
SUVA (lowest aromaticity) has highest THMs concentrations. 
Figure 6.3(b) shows that both of the value of HAAs concentrations and their 
speciation were different for these samples. S5 had the highest HAAFP while the 
HAAFP of S3 was the lowest among the five test chlorinated seawater sample.  
TBAA was the major HAAs specie found in all the samples studied. DBAA appeared 
in all samples although at low levels compared to TBAA except S5.  Two kinds of 
chloro-derivatives, viz. DCAA and TCAA could be detected in all the samples at 
lower levels than bromo-derivatives. It should be noted that the concentration of 
MCAA, MBAA and BDCAA was negligible in all samples. The complexity of NOM 
characteristics in original seawater may be the main reason for the different nature of 
the DBPs formation. The compound with lowest SUVA (lowest aromaticity) has 
























































6.2.2    Effect of chlorine dose 
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(a) (b)  Cl2=5 mg/L    Cl2=10 mg/L 

















Figure 6.10 Influence of chlorine dose on the evolution with time of THMs (a) 
and HAAs (b) concentration 
The required amount of chlorine was directly injected into the natural seawater 
samples yielding an initial dose of 5, 10, 15 and 20 mg/L. The concentrations of DBPs 
formed as a function of chlorine dose and reaction time are shown in Figure 6.10.  
Similar to the results from chlorinated artificial seawater given in Chapter 5, a 
higher chlorine dose caused a higher concentration of DBPs formed. The 
concentrations of THMs and HAAs were increased by 160% and 179%, respectively, 
with an increase in chlorine dose form 5 to 20 mg/L.  
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The predominant THMs species was TBM with high levels ranging from 85%-
81%, which decreased with higher chlorine dose usage. The rest of the total THMs 
were contributed by DBCM; the formation of BDCM and TCM was however not 
observed.  
Four kinds of bromo-substitution acetic acids, viz., DCAA, TCAA, DBAA and 
TBAA, were found as predominant HAAs species during the natural seawater 
chlorination. DBAA and TBAA were dominant over other two chloro-species. The 
concentrations of chloro-dervatives were at lower levels in comparison with bromo-
derivatives of acetic acid.  However, it should be noted that the formation of chloro-
HAAs species in natural seawater was more than that in artificial seawater. Only trace 
amount (<5 µg/L, being its detection limit) of BCAA could be identified, which was a 
main constituent in chlorinated artificial seawater. There were no MCAA, MBAA and 
BDCAA formed in all the chlorinated natural seawater samples.  
The nature of the formation curve as a function of chlorine dose and reaction 
time is different for bromo-derivatives and chloro-derivatives. As shown in Figure 
6.11, DBAA and TBAA formation was enhanced by higher chlorine dosage and 
longer chlorination time. However, the effects of these two factors on DCAA and 
TCAA were negligible. The formation of the said DBPs was rather quick in just a few 
hours. After the short reaction period, the concentration of chloro-dervatives remained 
more or less constant as time progressed. 
DCAA and TCAA concentrations seem to be the same right after the chlorination 
is applied. However, DBAA and TBAA concentrations increase from the beginning of 
chlorination and reach stable levels after about 60 hours. Both DBAA and TBAA have 
bromide element in the structures. This implies that the DDCAA and TCAA may have 
been first formulated, some of which may then be converted to DBAA and TBAA.
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(d)(c)  Cl2=5 mg/L    Cl2=10 mg/L 
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Figure 6.11 Influence of chlorine dose on the evolution with time of DBAA (a), 
TBAA (b), DCAA (c), and TCAA (d) formation 
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6.2.3    Effect of chlorination temperature  































































Figure 6.12 Influence of Temperature on the evolution with time of THMs (a) 
and HAAs (b) concentration 
 
Figure 6.12 illustrates variations in THMs and HAAs concentrations against 
time in chlorinated natural seawater (ballast water) under different temperature. It 
could be found that elevated temperatures led to more THMs formation at all 
experiment conditions. The higher formation kinetics of the formation of THMs is 
on the other hand indicated a rapid consumption in the residual chlorine at elevated 
temperatures, which was consistent with the results from the chlorine decay study 




The concentration of THMs was increased by 237% when the temperature was 
increased from 4 to 45 °C. It was observed that the TBM was the dominant 
constituent, accounting for 95% of total THM at all conditions.  DBCM was the 
only other THM species detected in chlorinated seawater, at a concentration 
approximately two orders of magnitude lower than that of TBM.  The temperature 
effect on the concentrations of HAAs is similar to that for the artificial seawater. 
Figure 6.12b shows that more HAAs are formed at a higher temperature (from 4 to 
25oC). When the temperature is above 35 oC, HAAs concentration initially increased 
as the time progressed and then started to decline after a certain time. For example, 
the HAAs concentration increases from 180 mg/L (initial point at t = 0) to 220 mg/L 
at time of 24 hours; it then starts to decrease and reaches a stable level of 170 mg/L.  
The concentrations of individual DBPs are shown in Figure 6.13 to further 
illustrate the distribution of the compounds as a function of temperature. At time of 
above 80 hours, the concentration of DBAA is far above the concentrations of other 
HAA compounds. The DBAA concentration increases as a function of time. 
However, both DCAA and TCAA concentrations are rather stable and quite 
independent upon the reaction time.  
However, the TBAA concentration trend is quite different from others. At 
temperature of 4, 15, and 25 oC, the concentration profiles are the same as those for 
the DBAA, which is the similar compound. When the temperature is 35 and 45 oC, 
the TBAA concentration initially increases and then starts to drop at time of 10 – 24 
hours. One of the reasons is the hydrolysis of the TBAA at a higher temperature. It 
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Figure 6.13 Influence of temperature on the evolution of DBAA (a), TBAA (b), 




EVALUATION OF POTENTIAL RISKS OF 
DISINFECTION BY-PRODUCTS ON MARINE 
ENVIRONMENT AND HUMAN 
A large amount of DBPs could be generated during ballast water chlorination. 
The discharge of those treated ballast water may create toxic effects to the receiving 
environment and human. Therefore, evaluation of possible risks is a necessary step 
and treatment system with an acceptable risk to human health and the environment 
could receive IMO approval based on the ‘Procedure for Approval of Ballast Water 
Management Systems That Make Use of Active Substances (G9)’ (IMO, 2008b). In 
this chapter, the assessment was performed and demonstrated on the potential 
hazards to ship safety and risks to human health and the aquatic environment 
according to IMO regulation G9. The risks come from drinking, surface 
adsorption/attachment, swimming and inhalation.  
 
7.1    Risk to the marine environment  
After DBPs are discharged into marine environment, there are several subtle 
physico-chemical and biological processes and interactions, including 
hydrodynamic transport, biological degradation, and bioaccumulation. For an 
environmental concentration assessment, it is important to consider these processes 
and interaction-effects. The most important factor is the dilution. It should be noted 
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that the results may be over-stated as the modeling calculation normally does not 
consider the removal mechanisms such as adsorption. The DBPs formation result 
obtained from the natural seawater chlorination at 25 oC with initial chlorine dose 10 
mg/L was selected in this study and their value are shown in Table 7.1. 
 
7.1.1    Determination of Predicted Environmental Concentrations 
The emission scenarios will be simulated using the MAM-PEC model to 
calculate meaningful predicted environmental concentrations (PEC) values. MAM-
PEC is a user-friendly model of statistics and analysis, which can take different 
standard aquatic scenarios by using different parameters. To determine PEC values, 
MAM-PEC employs a "steady state" approach, which implies that an equilibrium 
concentration of a substance in a harbour is calculated under constant environmental 
conditions as a result of continuous and constant emission. The latest version, 
version 3.0 of MAM-PEC is applied in the study. This version for ballast water was 
developed for the IMO and GESAMP for the exposure assessment of chemicals in 
ballast water. Based on user defined dimensions and environmental conditions of a 
harbour, the MAM-PEC model estimates water exchange between harbour and 
environment.  
In our calculation, the “BWWG commercial harbour" configuration was 
employed as a simulation environment which was the recommended scenario for 
risk assessment of antifoulants in all OECD regulatory frameworks. In this model, 
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considerable parameters were further involved in the estimation of emissions of 
contaminants, based on their discharging rates, extrapolated from laboratory studies 
and affected by temperature, salinity and pH, and shipping activity related 
parameters, i.e. number and dimensions of ships, speed, underwater surface area, 
and the time spent in port. This requires standardized environmental conditions and 
realistic emission scenarios. Physicochemical properties which were used in 
MAMPEC modeling are listed in Table 7.2. The following assumptions were made 






Figure 7.1 Major parameters of the harbour under consideration 
1. Harbour: BWWG Model harbour (see Figure 7.1 for major parameters of the 
harbour).   
2. Ballast water discharge per day: 100, 000 m3. 
3. Degradation rates (abiotic, photolytic, and biological) of compounds were 







X1= 5000 m 
X2= 5000 m 
X3= 1000 m 
y1= 1000 m 
y2= 500 m 
Depth= 15 m 




Background concentration of each compound was assumed to be zero.           
After adding the chemical information, model-estimated PEC of each compound 
was calculated and listed in Table 7.3. 
Table 7.1 Substances evaluated and detected in simulated discharge ballast 
water 





 THMs   
67-66-3 Trichloromethane  (Chloroform) N/A 1 
75-27-4 Bromodichloromethane N/A 1 
124-48-1 Chlorodibromomethane 24.4 1 
75-25-2 Tribromomethane  (Bromoform) 148.9 1 
 HAAs   
79-11-8 Monochloroacetic Acid  N/A 10 
79-43-6 Dichloroacetic Acid  16.7 1 
76-03-9 Trichloroacetic Acid  28.7 1 
79-08-3 Monobromoacetic Acid  N/A 1 
631-64-1 Dibromoacetic Acid 48.0 1 
5589-96-8 Bromochloroacetic Acid  3.5 1 
71133-14-7 Dichlorobromoacetic Acid  N/A 1 
5278-95-5 Dibromochloroacetic Acid  13.1 1 
75-96-7 Tribromoacetic Acid  43.3 1 
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Table 7.2 Pysicochemical properties of compounds under evaluation* 
CAS # Substance Property** 










67-66-3 Trichloromethane  (Chloroform) 119 2.63×10
4 7.95×103 1.97 2.185 3.71×102 -63.41  
75-27-4 Bromodichloromethane 164 6.66 ×103 3.97× 103 2.00 1.724 2.148×102 -57  
124-48-1 Chlorodibromomethane 208 7.33×102 2.70× 103 2.16 1.924 8.084×101 -20  
75-25-2 Tribromomethane  (Bromoform) 253 7.19× 10
2 1.00×103 2.40 2.064 5.421×101 8.69  
 HAAs 
79-11-8 Monochloroacetic Acid 95 8.66 ×100 8.58× 105 0.22 1.491 9.383× 10-4 63 2.87  
79-43-6 Dichloroacetic Acid 129 2.4 ×102 8.63 × 104 0.92 1.875 8.492× 10-4 9.7 1.26 
76-03-9 Trichloroacetic Acid 163 7.99 ×100 5.40× 104 1.33 2.114 1.368×10-3 57.5 0.51 
79-08-3 Monobromoacetic Acid 139 1.59 ×101 1.75× 106 0.41 1.600 6.606×10-4 49 2.89  




* Sources: Hazardous Substances Data Bank, Toxicology data network, United States national library of medicine, available online at 
http://toxnet.nlm.nih.gov/cgi-bin/sis/htmlgen?HSDB., Dichloroacetic Acid in Drinking-water, Background document for development of WHO 
Guidelines for Drinking-water Quality, WHO/SDE/WSH/03.04/121, 1996., Brominated Acetic Acids in Drinking-water, Background document 
for development of WHO Guidelines for Drinking-water Quality ,WHO/SDE/WSH/03.04/79, 2004., IUCLID dataset (NaOCl and Na2S2O3), 
European Chemicals Bureau, European Commission, 2000., Technical Guidance Document on Risk Assessment - Part III, Joint Research Center, 
European Commission, 2003., The Estimation Programs Interface (EPI) SuiteTM, United States Environmental Protection Agency.         
 
* *Where, MW= Molecular weight, Psat= Saturated vapour pressure, H= Henry’s law constant, MT= Melting temperature
5589-96-8 Bromochloroacetic Acid 173 1.87×101 2.5×105 0.61 0.278 2.229×10-3 27.5–31.5 1.40 
71133-14-7 Dichlorobromoacetic Acid 208 4.80×10
0 4.9×103 1.53 1.238 8.005×10-4  0.03 
5278-95-5 Dibromochloroacetic  Acid 252 6.93×10
-1 2.4×103 1.62 1.292 2.634×10-4  0.03 
75-96-7 Tribromoacetic Acid 297 3.73×10-2 2.0×105 1.71 0.724 3.384×10-4 129-135 0.72 
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Table 7.3 PEC in the GESAMP-BWWG Model Harbour 
 
Substance Total Emission (g/day) 
Total Concentraion on the Harbour (μg/L) 
Max. Average Min. 
THM     
Trichloromethane 1×102 6.75×10-3 4.09×10-3 2.82×10-4 
Bromodichloromethane 1×102 7.81×10-3 4.69×10-3 2.99×10-3 
Chlorodibromomethane 2.44×103 2.23×10-1 1.33×10-1 7.77×10-3 
Tribromomethane 1.49×104 1.60×100 9.46×10-1 5.06×10-2 
HAAs     
Monochloroacetic Acid 1×103 2.69×100 1.51×100 5.13×10-2 
Dichloroacetic Acid 1.67×103 4.51×10-1 2.81×10-1 8.57×10-3 
Trichloroacetic Acid 2.87×103 7.75×10-1 4.32×10-1 1.47×10-2 
Monobromoacetic Acid 1×102 2.70×10-2 1.50×10-2 5.12×10-4 
Dibromoacetic Acid 4.8×103 1.29×100 7.23×10-1 2.46×10-2 
Bromochloroacetic Acid 3.5×102 9.42×10-2 5.26×10-2 1.79×10-3 
Dichlorobromoacetic Acid 1×102 2.70×10-2 1.51×10-2 5.12×10-4 
Dibromochloroacetic Acid 1.3×103 3.53×10-1 1.97×10-1 6.72×10-3 
Tribromoacetic Acid 4.33×103 1.17×100 6.52×10-1 2.22×10-2 
 
7.1.2    PEC/PNEC ratios 
Predicted no effect concentration (PNEC) of each substance was calculated based 
on environmental effect data, such as toxicological data to fish, which could be 
obtained from certain data bases. For acute studies, the safety factor of 1000 is
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applied to the EC50 value. For example, Daphnia EC50 following 48 hours 
exposure of 50 mg/L would be considered as a PNEC of 0.05 mg/L. Longer-term 
studies require a smaller safety factor, as shown below:  
Acute      EC50 /1000   (Acute = short term, e.g. 4 days fish) 
Sub-acute   EC50/100   (Sub-acute = medium term, e.g. 21 days fish) 
Chronic     EC50/10    (Chronic = long term, pond work etc.) 
Furthermore, in the absence of effects with acute studies, the PNEC is set at 1/1000 
of the limit of solubility; likewise if there are no effects in longer-term studies, the 
PNEC will be 1/100 or even 1/10 of water solubility. 
The assessment of whether DBPs present a risk to organisms in the marine 
environment is based on a comparison of the PEC with PNEC to organisms in 
ecosystems. The ratio between PEC and PNEC is ultimately used as an indicator of 
risk. If the PEC is greater than the PNEC (i.e. ratio > 1), then it can be assumed that 
there is a risk of effects to the environment. The scale of the risk can therefore be 
evaluated by considering this ratio – a figure of 1 to 10 is of low concern, but over 
100 is of major concern. Calculated PNEC values and PEC/PNEC values are shown 
in Table 7.4.  
Conclusions could be deduced according to the following standards:  
  PEC / PNEC < 1         = No adverse effects are anticipated 
  PEC / PNEC 1 - 10       = Adverse effects are likely to occur 
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  PEC / PNEC 10 - 100     = Further data required 
  PEC / PNEC > 100       = Reduce risk immediately 
Table 7.4 PEC/PNEC ratios from MAM-PEC modelling results 
Substance Toxicitya (mg/L) PNECb (μg/L) PECc (μg/L) PEC/PNEC 
THM         
Trichloromethane 3.4 3.4 6.75×10-3 1.99×10-3 
Bromodichloromethane 1.424 1.424 7.81×10-3 5.48×10-3 
Chlorodibromomethane 34 34 2.23×10-1 6.56×10-3 
Tribromomethane 4.8 4.8 1.60×100 3.34×10-1 
HAAs       
Monochloroacetic Acid 32 32 2.69×100 8.41×10-2 
Dichloroacetic Acid 10.6 10.6 4.51×10-1 4.25×10-2 
Trichloroacetic Acid 0.3 0.3 7.75×10-1 2.58×100 
Monobromoacetic Acid 1.6 1.6 2.70×10-2 1.68×10-2 
Dibromoacetic Acid 69 69 1.29×100 1.87×10-2 
Bromochloroacetic Acid     9.42×10-2  
Dichlorobromoacetic Acid     2.70×10-2  
Dibromochloroacetic Acid     3.53×10-1  
Tribromoacetic Acid 69 69 1.17×100 1.69×10-2 
a Toxicity data are taken from PBT evaluation except for bromodichloroacetic acid 
and tribromoacetic acid. The values of bromodichloroacetic acid and tribromoacetic 
acid are taken from MEPC (62/2/1) and MEPC (58/2/7). 








7.1.3    Results on risk to marine environment  
 
The above evaluation shows the possible risks to the marine environment as a 
result of ballast water discharge. On one hand, maximum PEC values were considered 
as PECs in risk evaluation. On the other hand, highly conservative assessment factors 
were used in determining PNECs. Thus, the calculated PEC/PNEC ratios can be 
considered highly conservative.  
Compounds with PEC/PNEC > 1 can be harmful to the receiving environment. 
The calculation shows all the compounds have acceptable PEC/PNEC values except 
TCAA. The PEC/PNEC ratio on trichloroacetic acid from the chlorinated seawater is 
2.58. HWASEUNG R&A Co., Ltd. has developed a newly PEC/PNEC ratios 
calculation method using the toxicity data from MSDS. In this case, the assessment 
factor 100 was applied in the calculation. (MEPC 63/2/5) When assessment factor 100 
is applied, the PEC/PNEC ratio of trichloroacetic acid is 0.258. It means 
trichloroacetic acid from the discharge would be unlikely to cause risks when it enters 
the aquatic environment.  
The maximum safe concentration of THMs and HAAs in discharged chlorinated 
ballast water were assessed and listed in Table 7.5.  Comparing the calculation results 
shows that, the DBPs yield in some previous cases was at a high risk level. For 
instance, the TBM yield in 15 PSU sample at 30 oC was 1444 μg/L, which was 3 
times higher than the safe concentration. It should be noted that the TOC 
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concentration in the land based test may be higher than that in actual seawater. 
Furthermore, DBPs formation potential of the selected representative organic 
compounds is higher than the NOM in actual seawater. It indicates that more attention 
should be paid on the selection of model organic compounds in the land based test, 
which would affect the toxicity testing result significantly. 
 
 
Table 7.5 Maximum safe concentration assessment from MAM-PEC modelling  
 
 
CAS # Substance PNEC (μg/L) PEC (μg/L) Max. Safe Conc. (μg/L) 
 THM       
67-66-3 Trichloromethane 3.4 3.4 503 
75-27-4 Bromodichloromethane 1.424 1.424 182 
124-48-1 Chlorodibromomethane 34 34 3720 
75-25-2 Tribromomethane 4.8 4.8 446 
 HAAs    
79-11-8 Monochloroacetic Acid 32 32 118 
79-43-6 Dichloroacetic Acid 10.6 10.6 392 
76-03-9 Trichloroacetic Acid 0.3 0.3 11 
79-08-3 Monobromoacetic Acid 1.6 1.6 59 
631-64-1 Dibromoacetic Acid 69 69 2567 
5589-96-8 Bromochloroacetic Acid    
71133-14-7 Dichlorobromoacetic Acid    
5278-95-5 Dibromochloroacetic Acid    




7.2    Human Exposure Scenario 
Human exposure was analyzed for the following scenarios. 
a) Occupational exposure: inhalation exposure of crew 
b) Exposure through environment: through oral intake of fish and 
dermal/oral/inhalation exposures through swimming   
 
7.2.1    Occupational exposure 
 
Major possible root of occupational exposure of crew members is through 
inhalation during the ballasting process. Dermal and oral exposure of crew members 
is avoided by the technology design.  
First, the concentration of each substance in air was calculated using Equation 7.1.  
Note: Equation 7.1 is derived using the Henry’s law and the ideal gas law. 
 
waterair CRT
HC ×=              （7.1） 
where; 
Cair= Concentration of the substance in air, mg/m3 
Cwater= Concentration of the substance in water, µg/L 
H= Henry’s law constant, Pa.m3/mole 
R= Gas constant, 8.314 Pa m3/(mole.K) 
T= Absolute temperature, K 
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The temperature was assumed to be 298 K in the calculation.   
The calculated values of Cair are shown in Table 7.6. Then, these values were 
compared with the allowable occupational exposure limits (OEL). The available 
OELs are also shown in Table 7.6. It should be noted that the dilution effect is not 
considered and thus the Cair provides the worst case scenario. 
 
 
Table 7.6: Cair values for detected substances 
 
 





 THM   




75-27-4 Bromodichloromethane 1.37×10-1  
124-48-1 Chlorodibromomethane 1.30×100  




 Haloacetic acids   
79-11-8 Monochloroacetic Acid 1.11×10-5 1.2 (HSE, UK) 
79-43-6 Dichloroacetic Acid 1.69×10-5 4 (Russian Federation) 











79-08-3 Monobromoacetic Acid 7.85×10-7  
631-64-1 Dibromoacetic Acid 2.55×10-5  
5589-96-8 Bromochloroacetic Acid 9.25×10-6  
71133-14-7 Dichlorobromoacetic Acid 9.52×10-7  
5278-95-5 Dibromochloroacetic Acid 4.11×10-6  
75-96-7 Tribromoacetic Acid 1.75×10-5  
* Calculated based on the concentration in treated water specified in Table 7.4.
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7.2.2  Exposure through environment 
   
Human exposure to the compounds generated from the BWMS through 
environment was analyzed. Oral intake of fish and dermal/oral/inhalation exposures 
through swimming were considered as the possible exposure roots. It was assumed 
that the same group of people are exposed to the local fish contaminated by 
compounds in discharge ballast water and are exposed through swimming 
(dermal/oral/inhalation).     
 
Exposure through oral intake of fish 
 
It was assumed that the considered group of people ate fish from the 
contaminated area only (100% local fish). The expected concentrations of 
contaminants in wet fish were calculated using the following formula.  
 
waterfishfish CBCFC ×=        （7.2） 
 
Where; 
Cfish = Concentration of the compound in wet fish, (mg/kg) 
Cwater = Concentration of the compound in water, (mg/L) 
BCFfish = Bioconcentration factor for fish on wet weight basis, (L/kg) 
Cwater was considered similar to the PEC value obtained through MAMPEC. BCFfish 
was either found from literature or calculated using the QSAR provided in TGD- 
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part 1 based on the logKow of compounds under consideration (see equations 
below).   
If logKow≤6: 
70.0log85.0log −×= owfish KBCF                                             (7.3) 
If logKow>6: 
 72.4log74.2)(log20.0log 2 −+×−= owowfish KKBCF          (7.4) 
 
BCFfish values (calculated and literature) are shown in Table 7.7. For the 
calculation of Cfish, the higher BCFfish was selected from Table 7.7. This ensures the 
worst possible scenario.    
In order to calculate the human intake of compounds through fish, the following 




=   





=,   (7.5) 
Where; 
DOSEoral,fish= Daily dose through oral intake of fish, (mg/(kg BW.d)) 
Cfish= Concentration of the compound in wet fish, (mg/kg) 
IHfish= Daily intake of fish, (kg/d) 
BW= Body weight, kg 
IHfish was assumed to be 0.115 kg wwt/d (TGD on risk assessment- part 1, 2003). 
Body weight of adult male, adult female and child (mean body weight of boys and 
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girls of 10 years old) were considered as 70 kg, 60 kg, and 31.5 kg, respectively 
(Exposure factors handbook- US EPA, 1997). Calculated values of DOSEoral,fish are 
shown in Table 7.7.
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Table 7.7 Exposure through oral intake of fish 
 
* Calculated based on the PEC values shown in Table 7.3
CAS # Substance 








Male Female Children 
 THM       
67-66-3 Trichloromethane 9.43 ×100 2.9-10.35 (HSDB) 6.99×10
-5 1.15×10-7 1.34×10-7 2.54×10-7 
75-27-4 Bromodichloromethane 1.0×101 7 (HSDB) 7.81×10-5 1.28×10-7 1.49×10-7 2.85×10-7 
124-48-1 Chlorodibromomethane 1.37×101  9 (HSDB) 3.05×10-3 5.00×10-6 5.83×10-6 1.11×10-5 
75-25-2 Tribromomethane 2.19×101  14 (HSDB) 3.52×10-2 5.77×10-5 6.75×10-5 1.29×10-4 
 Haloacetic acids       
79-11-8 Monochloroacetic Acid 3.07×10-1  3.2 (HSDB) 8.61×10-4 1.41×10-6 1.65×10-6 3.15×10-6 
79-43-6 Dichloroacetic Acid 1.21×100 0.3 (HSDB) 5.44×10-4 8.95×10-7 1.04×10-6 1.99×10-6 
76-03-9 Trichloroacetic Acid 2.69×100  0.1-1.7 (HSDB) 2.08×10
-3 3.43×10-6 4.01×10-6 7.63×10-6 
79-08-3 Monobromoacetic Acid 4.45×10-1  3.2 (HSDB) 8.65×10-5 1.42×10-7 1.65×10-7 3.15×10-7 
631-64-1 Dibromoacetic Acid 7.85×10-1  0.17  (HSDB) 1.01×10
-3 1.66×10-6 1.95×10-6 3.70×10-6 
5589-96-8 Bromochloroacetic Acid 6.58×10-1  3.2 (HSDB) 3.02×10-4 4.96×10-7 5.78×10-7 1.10×10-6 
71133-14-7 Dichlorobromoacetic Acid 3.98×100   1.08×10-4 1.77×10-7 2.06×10-7 3.93×10-7 
5278-95-5 Dibromochloroacetic Acid 4.75×100   1.68×10-3 2.76×10-6 3.22×10-6 6.10×10-6 
75-96-7 Tribromoacetic Acid 5.67×100  0.63 (HSDB) 6.60×10-3 1.08×10-5 1.27×10-5 2.41×10-5 
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Exposure through swimming 
 
Three different types of exposures through swimming were considered, i.e., 
dermal, oral, and inhalation. The following equations were considered in calculating 
each exposure scenario.   
 
Dermal exposure through swimming: 
 










=          (7.6) 
Where; 
Dder= Amount of substance (external dose) that can potentially be taken up per body 
weight, mg/(kgbw.d)   
Lder= Amount of substance on skin area per event, mg/cm2 
Askin= Surface area of the exposed skin, cm2 
n= Mean number of events per day, 1/d 
BW= Body weight, kg 
Cder= Dermal concentration of substance on skin (equivalent to PECs obtained using 
MAMPEC), mg/cm3 





Oral exposure through swimming: 
 





=  (7.7) 
Where; 
Doral= Intake per day and body weight, mg/(kgbw.d)   
Foral= Fraction of Vappl that is ingested (default = 1)  
Vappl= Volume of diluted product per event in contact with mouth, L 
Coral= Concentration in ingested product (equivalent to PECs obtained using 
MAMPEC), mg/L  
n= Mean number of events per day, 1/d 
BW= Body weight, kg 
 
 
Inhalation exposure through swimming:  
 
For the inhalation exposure through swimming, Cinh was calculated based on 
Equation 7.1 where Cwater was assumed to be seawater PECs predicted from 
MAMPEC.     
 








=  (7.8) 
Where; 
Dinh= Inhalatory dose (intake) of substance per day and body weight, mg/(kgbw.d)  
Fresp= Respirable fraction of inhaled substance (default 1)  
Cinh= Concentration of substance in air, mg/m3 
IHair= Ventilation rate of person, m3/d 
Tcontact= Duration of contact per event, d 
BW= Body weight, kg  
 
Necessary exposure factors were found from literature. Those factors are shown 
in Table 7.8. 
Table 7.8 Exposure factors for inhalation exposure through swimming 
 Male Female Child 
Askin, cm2 *,** 19400 16900 10650*** 
Vapp, ml**** 25 (25ml/h) 25 (25ml/h) 100 (50ml/h) 
IHair, m3/d***** 35.5 25 23 
Tcontact, min* 60 60 60 
n, 1/d****** 1 1 2 
BW, kg* 70 60 31.5******* 
*Exposure factors handbook- US EPA, 1997 
**50th percentile 
***Average of 50th percentile skin surface area of boys and girls of age 9<10 
****User's manual for SWIMODEL, USEPA 2003 
***** Average (light activity) selected from TGD on risk assessment- part 1, 2003 
******Worst case scenario (Exposure factors handbook- US EPA, 1997 says that 
the number of events per month is in the range of 1-60 while 23% of the 
respondents swim only once a month)  




Total exposure through swimming (Dswimming) was calculated by adding the 
dermal, oral, and inhalation intakes. 
 
inhloraldergswim DDDD ++=min  （7.9） 
 
Finally, the total intake due to exposure through environment (Denvi) was 
calculated by summing up the Doseoral,fish and Dswimming. 
 
gswimfishoralenvi DDoseD min, +=    （7.10） 
 
Risk assessment for the exposure through environment  
 
Calculated Denvi values for each substance are shown in Table 7.9. Calculated 
Denvi values were compared with the tolerable daily intakes (TDI) of compounds. 
Where no TDI values were available, WHO water quality criteria were used, 
assuming daily water intake of 2 L per person and body weight of 70 kg. Daily 
water intake (IHdrw) of 2 L and average body weight of 70 kg are proposed in TGD 
on risk assessment- part 1 (2003). This approach is conservative since only a 
fraction of TDI is generally provided through drinking water.  
Table 7.9 shows that none of the Denvi/TDI value is >1 suggesting that no risk is 





7.2.3    Results on Human exposure scenario 
 
Human exposure scenario was evaluated under two different situations; 
occupational exposure and exposure through environment.  
Occupational exposure was evaluated by comparing the established OELs of 
substances with Cair values of substances. As shown in Table 7.6, available OELs of 
analyzed substances are considerably high compared to the calculated Cair values. 
Thus, the working environment is safe for the crew members.  
Exposure through environment was evaluated by calculating Denvi/TDI. Results 
are shown in Table 7.9. As shown, no Denvi/TDI value is > 1 suggesting that the 
human who are simultaneously exposed to contaminated fish and swimming in the 
contaminated water are safe.         
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Table 7.9 Evaluation of exposure through environment 
 
* Calculated based on the PEC values shown in Table 7.3 
** Calculated based on WHO water quality criteria 
N/A: No TDI and water quality standard 






Male Female Children Male Female Children 
 THM        
67-66-3 Trichloromethane   1.42×10-5  1.17×10-5 2.05×10-5 1.5×10-2     9.47×10-4    7.80×10-4    1.37×10-3     
75-27-4 Bromodichloromethane 9.15×10-6   7.53×10-6   1.33×10-5 1.73×10-3 ** 5.29×10-3     4.35×10-3     7.67×10-3     
124-48-1 Chlorodibromomethane 3.99×10-6   3.33×10-6   5.89×10-6   2.14×10-2     1.86×10-4    1.55×10-4    2.75×10-4    
75-25-2 Tribromomethane   2.40×10-4    2.04×10-4    3.64×10-4    1.79×10-2     1.34×10-2     1.14×10-2     2.03×10-2     
 Haloacetic acids        
79-11-8 Monochloroacetic Acid  7.68×10-7 8.57×10-7 2.27×10-6   3.5×10-3 2.19×10-4    2.45×10-4    6.49×10-4    
79-43-6 Dichloroacetic Acid  2.35×10-7 2.54×10-7 8.03×10-7 7.6×10-3 3.09×10-5 3.34×10-5 1.06×10-4    
76-03-9 Trichloroacetic Acid  3.47×10-7 3.86×10-7 1.05×10-6   3.25×10-2     1.07×10-5 1.19×10-5 3.23×10-5 
79-08-3 Monobromoacetic Acid  3.85×10-7 4.29×10-7 1.14×10-6   N/A    
631-64-1 Dibromoacetic Acid 1.85×10-6   1.99×10-6   6.70×10-6   2.0×10-2     9.27×10-5 9.94×10-5 3.35×10-4    
5589-96-8 Bromochloroacetic Acid  3.85×10-7 4.30×10-7 1.14×10-6   N/A    
71133-14-7 Dichlorobromoacetic Acid  4.44×10-7 4.98×10-7 1.27×10-6   N/A    
5278-95-5 Dibromochloroacetic Acid  8.11×10-7 9.15×10-7 2.26×10-7 N/A    
75-96-7 Tribromoacetic Acid  7.21×10-6   8.13×10-6   1.95×10-5 N/A    
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7.3    Effect of haloacetic acid sorption on PEC calculation 
In marine environments, suspended material was a major transport medium for 
many compounds. Haloacetic acid could be adsorbed on the suspended particulate in 
the surface layer and settled to the bottom swiftly through less polluted seawater in 
the lower layer. Through liquid–solid interfacial adsorption and settling, the organic 
compounds in seawater could finally move into bottom sediments. Therefore, study 
on the adsorption of haloacetic acid by marine sediments is of geochemical 
significance for further assessing the transport and fate of this compound in the 
coastal areas where ballast water is discharged.  
In MAMPEC, specify the organic carbon adsorption coefficient, as log(Koc) 
(l/kgOC), is used for the partitioning between organic carbon (particulate, and 
dissolved) and the water phase. However, such a calculation may not be accurate 
enough to present all the possible reactions in the actual environment. In this study, 
dibromoacetic acid sorption onto the marine sediment was investigated. 
7.3.1    Characterization of marine sediment 
Sediment sample was collected from Straits of Melaka, Singapore. Sampling 
points of sediments and their main physicochemical properties are shown in Table 
7.10. The sediment was autoclaved to avoid any biodegradation during sorption 
process.  
Table 7.10 Sampling stations of sediment and its physicochemical properties 
Location Water depth (m) Moisture content (%) Organic carbon (dried %) 





7.3.2    Sorption experimental studies 
7.3.2.1    Kinetics study 





















Figure 7.2 Adsorption kinetic of DBAA onto marine sediment (adsorbent 
dose=0.1 g/L, T=20 °C) 
 
Figure 7.2 shows the effect of contact time on the adsorption of DBAA. It is quite 
interesting to note that the concentration of DBAA does not change at all in the first 
30 to 50 hours and ‘sharply’ drops to low levels. It is different from what we normally 
see in adsorption kinetics. Likely it is due to the fact that the internal pores are not 
available for adsorption of DBAA. After a period of stirring, the pores are open, 






7.3.2.2   Isotherm study 
Adsorption isotherms of DBAA were obtained by using the autoclaved natural 
seawater for adsorption. Both Langmuir and Freundlich models were used to describe 
the equilibrium relationship between the amount of DBAA adsorbed (qe) and its 
equilibrium concentration (Ce) in solution.  
The Langmuir equation is applicable to homogeneous sorption where the sorption 
of each sorbate molecule onto the surface has equal sorption activation energy. The 









                                                    (7.11)  
where, qm and Ka are maximum adsorption capacity and adsorption reaction constant.  









+=                                           (7.12) 
The most important multisided adsorption isotherm for heterogeneous surfaces is 
the Freundlich adsorption isotherm, characterized by the heterogeneity factor 1/n. The 
Freundlich model is described by: 
n
eFe CKq
/1= ,                                                      (7.13) 
where Kf and n are constants. 
The equation is represented by the linearized equation: 
eFe Cn
Kq ln1lnln +=                                               (7.14) 
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 Freundlich







Figure 7.3 DBAA adsorption isotherms presenting the non-linear fitting of 
Langmuir and Freundlich models to the experimental data (adsorbent dose=0.1 
g/L, T=25 °C, contact time of 5 days)  
The Langmuir and Freundlich isotherms for the adsorption of DBAA onto 
sediment were fitted to the experimental data. The Langmuir and Freundlich 
parameters, along with the coefficients of determination (R2) of the linear plots, are 
given in Table 7.11. The experimental data are better described by the Langmuir 
model.  The regression coefficient of  R2=0.990 is slightly higher than that of the 
Freundlich model.  
However, the transformation of non-linear isotherm equations to linear forms 
implicitly alters their error structure and may also violate the error variance and 
normality assumptions of standard least squares (Ho, 2004). Therefore, it is necessary 
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to analyze the data set using the non-linear chi-square test (χ2) in order to validate an 











,2 )(χ                            (7.15) 
where qe is the experimental equilibrium uptake and qe,m is the equilibrium uptake 
calculated from the model. The results of the non-linear chi-square test analysis are 
also presented in Table 1. On the contrary, the χ2 test shows Freundlich model 
describe the experiment data slightly better than Langmuir model. 
Langmuir equation is easier in the calculation of adsorption isotherm. Since there 
is no much difference between the above two equations, it is recommended that 
Langmuir equation be used in the calculation.  
Table 7.11 Langmuir and Freundlich isotherm constants for adsorption of As(V) 
onto zirconium oxide 
 Langmuir isotherm Freudlich isotherm 
 qm (mg/g) K (L/mg) R2 χ2 KF n R2 χ2 
Linear 15.38 0.342 0.990 N/A 4.76 2.652 0.986 N/A 
Non-linear 15.58 0.306 0.966 0.296 5.06 2.855 0.974 0.234 
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Figure 7.4 Linearization of DBAA sorption isotherms onto marine sediment (a) 
Langmuir model; (b) Freundlich model 
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7.3.3    Spectroscopic analysis 






























Figure 7.5 FTIR spectra of the sorbent (a) Virgin marine sediment; (b) 1 day; (c) 
2 day; (d) 3 day; (e) 5 day 
Fourier transform infrared (FT-IR) spectroscopy spectra using a FTS-135 (Bio-
Rad) spectrometer was measured on KBr pellets prepared by pressing mixtures of 1 
mg dry powdered sample and 100 mg spectrometry grade KBr. The background 
obtained from scan of pure KBr was automatically subtracted from the sample 
spectra. The spectra were collected within the range of 400 and 4000 cm-1. The 
samples were freeze-dried in a freeze-dryer before testing. 
The transmission FTIR spectrum of the virgin sorbent was shown at Figure 7.5(a). 
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The broad, strong band in the 3400-3600 cm-1 range (centered at 3450 cm−1) 
corresponding to the OH stretching frequency, which indicates the presence of surface 
hydroxyl groups. The sharp peak at 1640 cm-1 could be due to the existence of water 
of hydration, which is consistent with the band at 3400-3600 cm-1. The presence of 
amorphous silica can be recognized by the three broad bands at 470, 800, and 1100 
cm-1(Fröhlich.F, 1989).  
Compared with the FTIR spectrum of virgin sorbent, no obvious difference could 
be identified in one-day sample. After 2-day adsorption, a change of the spectrum (Fig 
7.5c, d, e) lies in the appearance of a new band at 550 cm-1, the stretching frequencies 
of Br-C bands, which is attributed to DBAA loading (Silverstein et al., 1981). The 
above findings further confirm that the DBAA is adsorbed onto the sediment surface. 
The nature of the DBAA is still remained the same during the adsorption process. 
The finding in this study indicates the DBAA sorption capacity of marine 
sediment may be higher than the MAMPEC model calculated. For instance, in our 
previous calculation in Section 7.1, the sorption capacity of sediment is 4.5×10-5 μg/g. 
However, based on our experiment, the actual sorption capacity would be 15.9 μg/g, 
which is much higher than the calculation by MAMPEC. It could be concluded that 
the DBPs in discharged chlorinated ballast water may not be a great risky thread to 
marine organisms due to the high sorption capacity of marine sediment, even the PEC 







CONCLUSIONS AND RECOMMENDATIONS 
 
8.1  Conclusions 
 
The primary goal of this study was to evaluate DBPs formation and its 
potential environmental risks resulting from ballast water chlorination process. The 
following summarizes the main findings of this study. 
TRO (chlorine) with an initial concentration of 10 mg/L can provide satisfying 
disinfection efficiency for both tested bacteria, Escherichia coli (E. coli) and 
Enterococcus faecalis (E. faecalis), which are regulated by the IMO according to the 
D2 standard. E. faecalis is more difficult to be killed than E. coli. The retention time 
for the first one is about 6 hours while that for the second one is less than a few 
minutes. 
Chlorine decay rate is significantly affected by the organic compound species 
and their concentrations, temperature and chlorine dose. Total residual chlorine decay 
rate is higher at higher temperature and TOC. The decay becomes different in the 
presence of different organic species, which may account for different rate of decay in 
different sea waters.The effect of salinity on the decay is less obvious.  
Among the four models examined in this work, PSOM represented the 
chlorine decay profile appropriately in all experiment settings. The reaction rate under 
different temperature could be described using the Arrhenius equation. 
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 The concentrations and characteristics of organic matters affect the DBPs 
formation and speciation. There are significant differences between the DBPs 
formation potential of each organic precursors. More DBPs are formed as the TOC of 
water is increased. The TOC could be considered as an indicator to predict the amount 
of DBPs generation. In practice, however, the concentration of TOC is not the only 
indicator for the DBP formation and the reactivity of organic species also should be 
considered. 
Higher chlorine dose caused a higher DBPs concentration. The concentrations 
of THMs and HAAs in the sample with 20 mg/L of chlorine dose were two times 
more than in the sample with 5 mg/L of chlorine dose. The dominant constitutes of 
THMs and HAAs were bromo- substitutions, namely, TBM, DBAA and TBAA. The 
concentrations of chloro-dervatives were at much lower levels than bromo-
derivatives. Bromo DBPs formation could be attributed to the formation of 
hypobromous acid (HOBr), which is considered as a more powerful halogenating 
agent than HOCl. 
Temperature is an important factor that influences the chemical reaction 
kinetics. The rate and total yield of THMs increased as the temperature was increased. 
The concentrations of THMs increased when the temperature was increased from 4 to 
45 °C. More HAAs were generated when the temperature was increased from 4 to 
25oC. When the temperature reached 35 oC or higher, HAAs concentration initially 
increased and then decreased. DBAA and TBAA were the predominant HAAs species 
at the temperature ranging from 4 to 25oC, which accounted for more than 94% of 
total HAAs. Less TBAA was found when the temperature was increased. At 45 oC, no 
TBAA could be detected after 5 days reaction. The total HAAs concentration reduced 
as the time went, which might be attributed to the disappearance of TBAA. 
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The sorption of TOC to iron oxide would alter reaction pathways in the DBPs 
formation. It could be found that the adsorption of TOC onto the Fe3O4 was high than 
that onto the FeOOH. The chlorine decay rate was accelerated in the presence of these 
corrosion scales. 
Changes in temperature and salinity were observed to significantly affect the 
overall DBPs formation under land based test conditions. Higher salinity led to more 
THMs generation. More THMs species with chlorine components could be found at 
low salinity. After 5 days of chlorination, maximum concentration of THMs formed in 
15 PSU and at temperature of 30 oC was observed. At same experimental temperature, 
it was observed that more HAAs are formed at lower salinity. At 15 oC, the maximum 
concentration of HAAs was found at 1 PSU. The distribution of HAAs differed 
greatly from each experimental condition after 5 days of reaction time. At 1 PSU, the 
contribution of DBAA increased from 11.98% to 36.7% as reaction temperature was 
varied from 4 to 30 oC while the fraction of TBAA decreased from 49.99% to 27.09%. 
The decrease in TBAA contribution with a temperature increasing was observed in 15 
PSU and 33 PSU solutions. 
The THMFP and HAAFP of the five tested natural seawater samples are 
different from each other.  Among them, the predominant THMs compound was the 
TBM with a high level ranging from 86% and 93%. The rest of the THMs were 
DBCM and other two THMs compounds; the BDCM and TCM were not formed. 
Location S5 had the highest HAAFP while the HAAFP of Location S3 was the lowest 
among the five test chlorinated seawater samples.  The TBAA was the major HAAs 
compound found in all the samples studied. The DBAA appeared in all samples; 
however its concentration was lower than TBAA except Location S5. The complexity 
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of NOM characteristics in original seawater may be the main reason that caused the 
difference in the DBPs formation.  
Although the concentrations of DBPs in the chlorinated seawater were higher 
than those under regulation for the treated drinking water, the modeling simulation 
and risk assessment had shown that the water could still be considered to be safer 
because of several physico-chemical and biological processes and interactions. In 
addition, the study here showed that the chlorinated natural sea water would not pose 
great threats to the marine environment.  
 
8.2  Recommendations 
 
This research has enhanced our knowledge on the DBPs formation in 
chlorinated ballast water. More studies may be needed to further obtain the better 
picture of the process. Several recommendations are given as follows. 
I. This study focused on the formation of chlorine-containing and bromine-
containing THMs and HAAs. If iodide ion concentration is high, the iodide can be 
oxidized to hypoiodous acid (HOI) by chlorine, which can further react with the NOM 
to form iodinated THMs and HAAs. These iodinated THMs and HAAs are more toxic 
than chlorinated and bromated ones, which deserves more attentions.  
II. Other kinds of DBPs, such as haloacetonitrile (HNMs) and bromate, could 
be formed during the chlorination process. HNMs, which contain nine species 
including chlorine- and bromine-containing species are much more toxic than THM, 
HAA, and HAN according to the genotoxicity and cytotoxicity data from Muellner et 
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al. (2007).  Bromate is a common inorganic DBPs normally found in water containing 
inorganic bromide. In 1990, bromate was observed as a carcinogenic substance toxic 
to kidney in rat studies (Kurokawa et al., 1990) and cataloged into Category I, group 
B2 carcinogen (AWWA, 1999). The formation of these compounds in chlorinated 
seawater can be investigated in the future. 
III. Additional work is necessary to further understand the complex reaction 
mechanisms of DBPs formation. Such information is useful on the formation kinetics 
model development, which could do accurate predictions of DBPs concentrations. 
IV. Research on DBPs degradation and adsorption in the marine environment is 
required. According to the result of Section 7.3, the parameters adopted in MAMPEC 
model might be not accurate enough. More investigation should be conducted to 
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